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THE RELATION BETWEEN JOINT STIFFNESS UPON EXPOSURE 
TO COLD AND THE CHARACTERISTICS 
OF SYNOVIAL FLUID! 


By Joun Hunter, E. H. Kerr, AND M. G. WHILLANS 


Abstract 


Previous laboratory tests have shown that joint temperatures, on exposure 
to low ambient temperatures, fall to a greater extent than muscle, rectal, or 
average skin temperatures. The fall in temperature is accompanied by an 
increased resistance of joints to movement, and the maximum speed with which 
the joint can be moved decreases. The predominant type of movement at the 
human knee joint and interphalangeal joints is a gliding one. The charac- 
teristics of synovial fluid explain the increased forces required to move a joint 
and the loss in speed of movement on exposure to cold. Jn vivo studies support 
such predictions. 


Introduction 


The stiffness resulting from exposure to cold is a well known experience. 
The present investigation was carried out to study the possible factors contri- 
buting to the stiffness of joints. | These studies consist of (A) a study of the 
speed of flexion of the index finger, before and after exposure to cold, where 
the proximal interphalangeal joint was employed; (B) a consideration of the 
type of joint movement at the proximal interphalangeal and knee joints; 
(C) a study of synovial fluid with particular reference to viscosity changes 
with temperature; and (D) in vivo studies of joint movement in the cat, 
where the rate of shear was varied and tensions exerted through the patellar 
ligament throughout the movement were recorded. 


Methods 


(A) For the study of flexion speed of the index finger, a board was con- 
structed consisting of two electrical push buttons separated by a baffle 
(Fig. 1). The pressure required to ensure electrical contact in these buttons 
was negligible. Each push button was in series with a corresponding (Veeder 
Root) numerical counter. Also in series were two lights which indicated 
successful closing of the corresponding push button. The hand of the subject 


1 Manuscript received April 10, 1952. 


Contribution from the Physiology Section, Defence Research Medical Laboratories, 
Toronto, Ont. This work was reported to the American Physiological Society, April 1952. 
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Fic. 1. Diagram to illustrate apparatus used to study flexion speed of the index finger. It 

is important to note that the finger moved around the baffle. The finger board used in the 

field was provided with an ammonium cell in series with two lights only. The performance 
of the cell at low temperatures was excellent. 


was positioned on the board so that the tip of the index finger could reach 
either push button and this position was maintained by means of rests for 
the thumb and middle finger. The exercise consisted of movement of the 
index finger from one button to the other around the baffle, so as to produce 
a maximum flexion of the proximal interphalangeal joint. The number of 
successful contacts, at maximum speed in a 10 sec. interval was the criterion 
adopted for the test. 

Three methods of exposure to cold were followed: (1) local chilling of the 
joint, (2) chilling of the hand up to the wrist, and (3) chilling of the hand and 
arm up to the elbow. Chilling was accomplished by immersion of the part 
concerned in cold water until the skin temperature over the proximal inter- 
phalangeal joint was 54° F. 

Subjects practiced the procedure up to the point where performance was 
constant. The sequence of the three methods of chilling was randomized 
and the investigation on each subject was carried out over a period of two 
days. The values obtained after chilling were compared with control values 
obtained before chilling. Skin temperature over the joint was measured 
using iron—constantan (27 gauge) thermocouples and a potentiometer. 
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Similar tests were carried out in the field on a group of 12 air force officers. 
These men were part of a group consisting of Canadian, British, and U.S. 
personnel carrying out an exercise in midwinter in northern Canada. For the 
week preceding the test, the group had lived in the open at severe subzero 
temperatures with a low of —50° F. The hand of the test subject was exposed 
for two minutes at —33° F. and the subsequent performance over a 10 sec. 
period was compared with control values obtained previously in heated 
barracks. In order to depress the push button of the finger board used in 
the field a force of 1150 gm. was necessary. 

(B) By means of X-ray photographs, the proximal interphalangeal joint 
of the index finger was observed. Similar observations were made of the 
tibiofemoral contact points in different degrees of flexion. These observations 
were necessary because anatomical descriptions of joint movement, parti- 
cularly, the description of movement of the knee joint, specify a rolling 
movement of one articular surface over the opposing articular surface (2, 5, 
13). Ifsuch a description were accurate, it would imply that frictional forces 
at the joint surfaces of contact would be minimal and resistance to movement 
would be subject to minor change. 

(C) Viscosity studies of bovine synovial fluid were carried out using a 
Couette type viscometer in which the fluid is placed between two concentric 
cylinders. The outer one is rotated electrically while the inner, suspended 
on a wire (Phosphorbronze No. 34) turns under the action of the viscous 
resistance. The angle though which the inner cylinder rotates is a function 
of the coefficient of viscosity. 

Mucin was precipitated with glacial acetic acid, dried, and weighed (12). 
Calcium (1) and ascorbic acid concentrations (11) were also noted. 

(D) Studies of joint movement were made using the knee joint of the cat. 
There was complete discontinuity of muscle, skin, nerve, and blood vessels 
proximal to the joint. The exposed femur was clamped in position. The 
lower limb was moved from a position of flexion to extension in a horizontal 
plane by exerting force through the patellar ligament. The ligament was 
attached to the tension arm of a transducer (Statham gauge 1197). The 
transducer was mounted on a stage which could be moved in the direction of 
the line of force exerted by the quadriceps muscles parallel to the femur. 
Three rates of movement were used which provided distinct variation in the 
rates of shear of the articular surfaces of the knee joint. The voltage output 
of the transducer was recorded by means of an oscilloscope (Cossar, Double 
Beam Model 1049) and a motor driven camera. Each 5° angle of rotation of 
the limb was recorded by closing a contact in series with the second beam 
of the oscilloscope. 

Results 


(A) Results obtained in the tests on speed of finger movement are 
summarized in Table I. For a given fall in skin temperature over the 
proximal interphalangeal joint, there was an equivalent reduction in the 
number of finger movements successfully performed regardless of the area 
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TABLE I 
Movements completed 
y Tem- No. of in 10 sec. Mean reduction in no. of 
Region cooled perature | * biect finger movements, 
drop, °F. SYS) Before After — 
chilling chilling 
Finger 28.5 8 7.5 14.8 a3 £9.22 12.3 
Finger + hand aA 26 13.9 11.5 2.4 + 0.29 8.3 
Finger + hand + arm 25.9 25 14.2 11.5 2.7 +08.22 12.3 




















Note: The reduction in movements completed after chilling for each procedure was significant 
(P < 0.01). Differences between the means for the reduction in the number of 
Jinger movements for each procedure were not statistically significant. 


chilled. In the first case, chilling involved only the area of the joint where 
the articulation itself is primarily concerned. In the second, chilling the 
entire hand involved a chilling of blood supply as well as the articulation. In 
the third instance, chilling of the hand and arm added to the effects produced 
by blood cooling and chilling of the articulation, any gross effect contributed 
by chilling the muscles of the arm. There was no significant difference 
between the performances under the three sets of conditions. This indicates 
that stiffness resulting from chilling has its origin at the interarticular surface. 

Results obtained in the field are shown in Table II. A decrement was 
observed in every case. 

(B) X-ray pictures of the proximal interphalangeal joint of the index 
finger and of the human knee joint (Figs. 2, 3) were taken to determine the 


TABLE II 


FINGER SPEED BEFORE AND AFTER CHILLING AT —33° F. 














Controls Average of 2 tests 
Subject No. average of 5 tests | after 2 min. exposure Decrement 
(10 sec.) (10 sec.) 
1 25 a — 3.5 
b 24 16.5 -— 7.5 
3 26 16.5 —- 9.5 
4 26.5 22.9 -— 4 
5 23 17.5 -— 5.5 
6 26 19 -— 7 
7 23 16.5 — 6.5 
8 26 18 - 8 
9 23 47:5 -— 5.5 
10 29 19.5 — 9.5 
11 27 13 —14 
12 26 20 -— 6 
Mean — 7.2 + 0.8 

















PLATE I 





Fic. 2. X-ray photograph illustrating the gliding motion at the proximal 
interphalangeal joint during flexion 
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tt \ Ms FEMUR FOR EACH 
ie 15° OF FLEXION 


POINT OF CONTACT 
OF FEMUR ON THE 
TIBIA FOR EACH 
15° OF FLEXION 


TIBIA 








MOVEMENT OF THE TIBIA ABOUT THE 
FEMORAL CONDYLES DURING FLEXION 
OF THE KNEE JOINT 


Fic. 4. An analysis of the series shown in Fig. 3. Region of contact at several positions of 
flexion is indicated by corresponding numbers on femur and tibia. 


type of motion involved in simple flexion and extension. Anatomical 
authorities are either equivocal or diametrically opposed in the description 
of the movement of the human knee joint. The movement of the femoral 
condyles over the tibia is variously described as a glide (6), a roll and/or 
glide (2), or a distinct roll (5). A detailed description of the movement is 
complex but the X-ray pictures of Fig. 3 should serve to establish the fact 
that mechanically the predominant movement of the tibia over the femoral 
condyles is a gliding one. Analysis of these X-ray pictures, as illustrated in 
Fig. 4 shows that the gliding distance for a 90° flexion on the tibiofemoral 
surfaces is 4.5 cm. The corresponding gliding distance of the patella is 
6.5 cm. (Fig. 5). The movement of the distal articular surface over the 
proximal one in the case of the interphalangeal joints is likewise a gliding 
movement (Fig. 2). In this case, the articular surface of the middle phalanx 
glides a distance of 0.6 cm. on the head of the proximal phalanx. 
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MEDIAL CONDYLE 





fi LATERAL CONDYLE 
f +-———._ 80-90" FLEXION 
16° FLEXION 
o* FLEXION 
FULL FLEXION 


POSITION OF 
PATELLA FOR Each 
1? OF FLEXION OF 
THE KNEE JOINT 


MOVEMENT OF THE PATELLA ABOUT THE 
FEMORAL CONDYLES DURING FLEXION OF 
THE KNEE JOINT 


Fic. 5. Analysis of the series shown in Fig. 3 to illustrate the extent of the sliding movement 
of the patella through different degrees of flexion of the knee joint. 


The lubricant for joints is synovial fluid. In the knee joint the articular 
surface of the patella, together with the contact points of the medial and 
lateral femoral condyles with the tibia are regions where frictional resistance 
is important. 

It has been established by the work of Jones (8) that fluid film lubrication 
is the usual form of lubrication in human joints. When lubrication is of this 
type, it is accepted by engineers that friction is only dependent upon the 
viscosity or resistance to shear of the lubricant. 

(C) The factors considered in the investigation of synovial fluid were: 
(1) the ratio of the viscous force to the rate of shear, (2) change in (1) with a 
fall in temperature, and (3) mucin content. 

According to Newton’s law of flow, the velocity gradient, at a fixed 
temperature, is directly proportional to the force applied per unit area on a 


plane parallel to the direction of flow: F = 7 a ‘ 


where F = applied force 
coefficient of viscosity 


n 

“ = velocity gradient or rate of shear (V,) . 
As shown in Fig. 6, for synovial fluid, the rate of shear is not directly propor- 
tional to the shearing force. The ratio of the applied force to the resultant 
rate of displacement is not a constant but a variable, the magnitude of which 
depends upon the applied shearing stress (r.p.m.). However, if the rate of 
shear is specified the ratio F/ V, can be used to describe the flow characteristics 
of the fluid under the given conditions. As the mucin content decreases the 
relationship approaches Newtonian behavior. Strict Newtonian behavior in 
this family of curves would be illustrated by a straight line parallel to the 
axis of rate of shear. These results support the view, of Eyring and his 
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Fic. 6. Shows the relation of velocity gradient or rate of shear to the ratio F/V,. Mucin 
content for these families of curves are indicated. With low mucin content, the relation tends 
to become linear which is the requirement for Newtonian behavior. 


F/V, for 95% aqueous glycerol at 30°C. = 2. 


F/V, = n, where = coefficient of viscosity . 


associates (9, 14) that the difference between Newtonian and non-Newtonian 
behavior of solutions of high molecular weight compounds with respect to 
viscous flow is quantitative rather than qualitative. 

The relationship between mucin content and the ratio F/V, (for V, = 
12 r.p.m.) is shown in Fig. 7. The line was fitted by the method of least 
squares and represents the best straight line which will fit the data. Correla- 
tion coefficients for all temperatures and rates of shear averaged 0.8. The 
figure illustrates the fact that the viscous properties of synovial fluid are 
directly related to the mucin content. 

The increment in the ratio F/V,, which is equivalent to an increment in 
the. coefficient of viscosity, for a temperature difference of 18° C. (30-12° C.) 
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Fic. 7. Shows linear relation between mucin content and synovial fluid viscosity. 
F/V, for 95% aqueous glycerol at 30°C. = 2. 


F/V, = n, where 7 = coefficient of viscosity . 
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Fic. 8. Shows the linear relation between change in viscosity for an 18° C. fall in temperature 
and mucin content. 





likewise shows a linear relationship to mucin content (Fig. 8). For a high 
mucin content, the viscosity of synovial fluid increases considerably more 
than one with a low mucin content, for an equal fall in temperature. Calcium 
concentrations were determined on each sample. The median and the mean 
of all determinations were in the range 9-12 mgm. per 100 ml. Ascorbic acid 
values were determined on the mucin free filtrate. Mean and median values 


were both 0.41 mgm. per 100 ml. There was no apparent relation to either 
mucin content or viscosity. 
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Ve 
Fic. 9. Illustrates the results obtained in the study of movement of knee joint of the cat. 
(Compare the results obtained with synovial fluid, Fig. 6.) 


F = grams. 
V, = degrees of rotation of limb per second. 


(D) Results obtained in the studies of joint movement in the cat at room 
temperature are shown in Fig. 9. Measured rates of shear have been plotted 
against the ratio of the measured force at a definite point to the rate of shear. 
As in the case of synovial fluid (cf. Fig. 6), this ratio decreases with increasing 
rates of shear. Characteristics of joint movement reflect the characteristics 
of synovial fluid. 


Discussion 


For any one synovial fluid the increase in viscosity due to cold implies that 
for a given speed of movement, muscles must exert a greater force to over- 
come the increased resistance to shear. Our experimental findings show that 
the maintenance of maximum speed of movement on exposure to cold is 
difficult or impossible. The reduction in speed may be attributed to the 
increased drag imposed by changes in the consistency of the synovial fluid. 
Previous work (7) has shown that the static forces required to produce limb 
movement in the cat may increase from 200 to 300 gm. on exposure to cold 
where the effect was restricted to the articular surface. This increase in the 
force necessary may also be attributed to change in the viscosity of the 
synovial fluid. The characteristics of the fluid are such that at a low rate of 
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shear the viscosity is high and with a high rate of shear the viscosity tends to 
be less. Where a transducer was in effect substituted for the quadriceps 
group of muscles, tension measurements verify that joint movement exhibits 
similar behavior. The viscosity range for any sample of synovial fluid is 
dependent on the mucin level. The characteristics of the fluid are sufficient 
to account for the increased static forces necessary and the decrement in 
speed observed in this investigation. Since frictional forces are directly 
proportional to the force normal to the surfaces in contact it follows that the 
decrement in speed observed in these tests on exposure to low temperature 
should be magnified with any increase in the normal thrust to the bearing 
surface. 

It becomes obvious, therefore, that there are two important and related 
effects of cold on joint movement (A) a loss in speed of movement and perhaps 
even more important (B) an effect evidenced as a loss in exertible external 
force because a part of the muscular force exerted is cancelled by friction. 

Wide variations in viscosity of bovine synovial fluid from different joints 
have been reported (12, 3). Whether there are similar differences in man 
has not been determined. In joints where movement is slower or where the 
range of movement is small one might expect more viscous fluids (4). Moving 
surfaces must exceed a certain minimal speed to ensure smooth motion and 
fluid film lubrication (10). These observations together with the experimental 
work reported here support the view that work effort is increased by the effect 
of low temperatures on synovial fluid. 


Conclusions 


1. On exposure to cold the maximum speed with which a joint can be 
moved decreases. 

2. Results indicate that joint stiffness resulting from chilling is the result 
of local physical changes at the interarticular surface. 

3. The predominant type of movement at the human knee and inter- 
phalangeal joints is a gliding one. 

4. Studies on bovine synovial fluid show that the viscous properties of the 
fluid are related to the mucin content and the increase in viscosity of 
synovial fluid for a definite fall in temperature is a function of its mucin 
content. 

5. The departure of synovial fluid from Newtonian behavior is directly 
proportional to mucin content. 

6. Tension measurements of forces exerted throughout movement of the 
joint, at different rates of shear, which permit evaluation of the ratio of 
tangential shearing force to rate of shear, give results similar to those of 
in vitro studies of synovial fluid. 

7. The characteristics of synovial fluid are sufficient to account for increased 


forces required to move a joint and for loss in speed of movement on 
exposure to cold. 
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THE RELATIONSHIP OF DIETARY FACTORS TO RAT SERUM 
ALKALINE PHOSPHATASE 


III. THE EFFECT OF DIETARY PROTEIN LEVELS! 


By JuLes Tusa, BoHDAN JELINEK, RIDLEY K. SHAW, AND NEIL B. MADSEN 


Abstract 


Weanling rats were fed dietary concentrations of 0%, 5%, 10%, 30%, and 
91% casein. Complete absence of dietary protein resulted in death of the 
young animals within five weeks. Activity of serum alkaline phosphatase was 
at starvation levels during this period. Optimal growth was obtained at 30% 
dietary level of casein, and alkaline phosphatase activity was in the normal 
range. No effect on the enzyme could be attributed to the protein. There is 
a highly significant correlation between daily food consumption and serum 
phosphatase activity, which is attributed to the fat component of the various 
diets. 


Adult male rats were subjected to a three-week period of protein depletion, 
which was followed by a two-week period of protein repletion. The protein was 
supplied in the following forms: casein, dried brewer’s yeast, wheat gluten, 
casein plus wheat gluten, and dried brewer's yeast plus gluten. Enzyme values 
at the end of the experiment were typical for the high fat diet (26%) which these 
animals were receiving. Once more there is a significant correlation between 
serum alkaline phosphatase activity and daily consumption of fat, whereas the 
protein component of the diet is without effect on the enzyme. 


Introduction 


Studies in this laboratory have indicated that there exists a highly signi- 
ficant correlation between the alkaline phosphatase activity of rat serum and 
the daily consumption of fat by the animals (1, 14, 15). It has also been 
noted that levels of the enzyme may be affected by dietary supplements of 
amino acids, notably methionine (13, 15). It therefore appeared probable 
that variations in the activity of serum alkaline phosphatase might be associ- 
ated with the proportion and the amino acid composition of dietary protein. 
This idea was supported by reports in the literature which showed that the 
amount of dietary protein can influence the activity of the enzyme in the 
bones of growing rats (3), and in the liver (2, 9, 10), and intestines (7) of adult 
rats. Since it has been shown by Madsen and Tuba (8) that changes in the 
levels of alkaline phosphatase in rat intestine may be paralleled by the activity 
of the enzyme in serum, it might be expected that dictary protein could 
influence the serum enzyme values. The effect of the dietary level of casein 
on the serum alkaline phosphatase of weanling rats is reported in this paper. 
In addition, consideration is given to the results obtained by feeding a 
number of different proteins to adult male rats after a period of protein 
depletion. 


1 Manuscript received May 23, 1952. 


Contribution from the Department of Biochemistry, University of Alberta, Edmonton, 
Alberta, with financial assistance from the National Research Council, Ottawa, Canada 
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Experimental 
Casein Diets Fed to Weanling Rats 


Weanling male albino rats, 21 days old, were placed in individual cages and 
given food and water ad libitum. Groups of 10 animals were maintained on 
diets containing various levels of proteins for periods of six weeks whenever 
this was possible. The rate of growth and the food consumption of each 
animal were noted. Serum alkaline phosphatase levels were determined 
periodically as previously described (15). The method used was that of 
Shinowara, Jones, and Reinhart (11), as modified by Gould and Schwachman 
(5). The unit of phosphatase activity is defined as ‘‘equivalent to one milli- 
gram of phosphorus liberated as phosphate ion during one hour of incubation 
at 37° C., with a substrate containing sodium B-glycerophosphate, hydrolysis 
not exceeding 10% of the substrate and optimum pH of the reaction mixture 
for the alkaline enzyme at 9.3 + 0.15.” 

The diets all contained 4% McCollum’s salt mixture, 2% cod liver oil, and 
3% fat. The casein content of the various diets was as follows: 0%, 5%, 
10%, 30%, and 91%. The remainder of the diet was in each case made up 
with sucrose. Each kilogram of diet also contained the following vitamins: 
thiamine hydrochloride, 10 mgm., pyridoxidine hydrochloride, 10 mgm., 
calcium pantothenate, 20 mgm., niacin, 10 mgm., riboflavin, 20 mgm., and 
choline chloride, 1.0 gm. 


Protein Diets Fed to Adult Rats After Protein Depletion 

Thirty adult male rats, which weighed 250-350 gm. each, were housed in 
groups of five in large cages. They were fed a protein-free diet for 21 days in 
order to deplete the liver stores of protein, and therefore to permit a more 
precise evaluation of the effect of dietary protein on serum alkaline phospha- 
tase. The protein-free diet consisted of 70% corn starch, 24% Crisco, 4% 
U.S.P. salt mixture No. 1, 2% cod liver oil, and supplements of the B vitamins 
as listed above. Body weights were determined at the end of the depletion 
period. 

At the termination of the initial protein depletion period, five animals were 
retained as controls, and they continued to subsist on the protein-free diet. 
The other five groups were fed ad libitum for 14 days on diets containing 
different proteins. These test diets were prepared by replacing some of the 
starch of the protein-free diet with sufficient protein to yield, in every case, a 
final concentration of 1.3% nitrogen. The following concentrations of protein 
or source of protein were used: (Diet I) 8.4% casein; (Diet I1) 15.8% dried 
brewer’s yeast; (Diet III) 8.8% wheat gluten; (Diet IV) 4.2% casein and 
4.3% wheat gluten; (Diet V) 7.4% dried brewer's yeast and 4.3% wheat 
gluten. At the termination of the 14 day repletion period the animals were 
weighed and serum alkaline phosphatase levels were determined. Food 
consumption data were obtained daily for each group. 
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Results and Discussion 


Casein Diets Fed to Weanling Rats 


The average serum alkaline phosphatase values and the weights of the 
animals at two week intervals are given in Table I. The average food con- 
sumption is indicated for the 24 hr. immediately before the animals were bled 
for estimation of the enzyme levels. Standard errors of the means are given 
for the data obtained at the termination of the feeding experiments. 


TABLE I 
THE EFFECT OF DIETARY CASEIN CONCENTRATION ON SERUM ALKALINE PHOSPHATASE (UNITS 


PER 100 ML.) (P); DAILY FOOD CONSUMPTION (GM.) (C); AND BODY WEIGHT (GM.) (W) 
(MEANs oF 10 ANIMALS FOR EACH GROUP) 




















, Two weeks Four weeks Six weeks 
Per cent casein ma 

oom PijciwlPepyctw P Cc Ww 
0 43 2.4 34 31 2.3 30 _ _ _— 
5 71 4.3 45 56 6.3 46 29 + 1.3% 4.1 + 0.7* 46 + 2.8* 
10 74 6.3 58 95 9.3 74 82 + 4.4 34 2 69 .2 39 
30 115 | 10.3 98 121 13.7 155 105 + 6.3 6.5 £9.35 ae 2 6.1 
91 109 6.4 71 135 | 10.6 124 108 + 7.6 4.60 = 1.1 160 + 3.1 
































* Standard error of the mean. 


Weanling rats did not survive beyond four to five weeks on a protein-free 
diet. Standard errors of the means are not included for this group because of 
variable survival time. During the experimental period the animals lost 
weight, and their state of inanition was reflected in the serum alkaline phos- 
phatase levels which were near the values repeatedly obtained in this labora- 
tory with fasting adult rats (1). On a dietary regimen containing 5% casein, 
the animals survived but their weights remained relatively constant during 
the six-week test period, and the complete lack of growth was accompanied 
by enzyme levels characteristic of starving animals. When the dietary con- 
centration of the protein was raised to 10%, the animals manifested a greater 
food consumption and an elevation of the activity of serum alkaline phospha- 
tase, accompanied by slight but still subnormal growth. It can be assumed 
in the case of these first three diets that the growth is affected not only by 
the inadequacy of the protein component, but by the lack of palatability 
which is evident in the consumption data. 

It was found by Goettsch (4) that the minimal requirement for the satis- 
factory growth of young rats was 16.7% of a mixture of three proteins. 
Because the biological value for her protein mixture was 74.7, as compared 
to 56 for casein, reported by Hawley and co-workers (6), we decided to use 
30% casein as a suitable concentration for obtaining optimal growth. It 
may be observed in Table I that daily food consumption and growth rates are 
better with this level of the protein than with any of the others. 
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It might have been expected that the effect of methionine in casein would 
be pronounced when the animals were fed a dietary concentration of 91% 
of this protein. Actually there is no significant difference between the serum 
enzyme values on the 30% and 91% protein diets at the end of the test period 
of six weeks. Williams and Elvehjem (16) have demonstrated that the 
methionine in dietary casein is not as readily available to the rat as it is in 
acid-hydrolyzed casein or in a mixture of amino acids corresponding in 
composition to casein. This observation would account for the fact that 
protein beyond the optimal level for weanling rats has no effect on serum 
alkaline phosphatase. 

However, if the daily fat intake of the animals is calculated from the con- 
sumption data of Table I, it is found that there is a highly significant correla- 
tion be.ween these values and levels of serum alkaline phosphatase. The 
value of r = 0.94. It thus appears that the casein component of the diets 
used in this investigation exerts no significant effect on the serum enzyme, 
except indirectly through palatability of the diet or through growth rate. 


Protein Diets Fed to Adult Rats After Protein Depletion 


The data presented in Table II cover the two-week protein repletion period 
only. The weight changes during this time are indicated for the various 
groups of rats. Food consumption data are for the 24 hr. immediately before 
the serum alkaline phosphatase values are determined at the termination of 
the experiment. 

TABLE II 


THE EFFECT OF PROTEIN REPLETION ON BODY WEIGHTS (GM.) (AW); DAILY FOOD CONSUMPTION 
(Gm.) (C); AND SERUM ALKALINE PHOSPHATASE (UNITS PER 100 ML.) (P) OF ADULT MALE 
RATS PREVIOUSLY SUBJECTED TO PROTEIN DEPLETION (MEANS OF FIVE ANIMALS) 











oped Nature of dietary protein AW C P 
Basal Protein free =—273.4 + 1.7 7.9 148 + 8* 
I Casein (8.4%) +37.8 + 6.4 11.4 216 = 9 
II Dried brewer’s yeast (15.8%) +60.0 + 6.1 11.5 259 + 17 
III Wheat gluten (8.8%) +40 + 1.6 6.5 170 + 14 
IV Casein (4.2%) + wheat gluten +45.0 + 4.5 10.7 181 + 9 
V Deiat bee's yeast (7.4%) + | +72.4 + 11.4 | 15.7 | 289 + 13 
wheat gluten (4.3%) 

















* Standard error of the mean. 


The control group of animals which continued to receive the basal protein- 
free diet showed further appreciable weight losses. The other groups all 
manifested weight gains which varied with the nature of the dietary protein. 
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Wheat gluten was the least effective in this regard when it was used as the 
sole dietary protein. However, recovery from the three-week depletion 
period was most marked with the diet containing gluten together with dried 
brewer’s yeast as protein sources. 

These weight changes are largely paralleled by food consumption levels. It 
is unfortunate that standard errors of the means are not available for these 
data, but lack of individual cages at the time of the experiment necessitated 
grouping the animals in single large cages. 

The phosphatase values are typical of animals subsisting on a diet con- 
taining a high concentration of fat (26%), and they are also consistently 
higher than levels for animals receiving the stock laboratory diet of Purina 
Fox Checkers (14). Furthermore, the activity of the enzyme again shows a 
significant correlation with the daily consumption of food and of fat. The 
value of r is 0.89. This is in keeping with our previous findings (12, 14), 
and therefore to a large degree compensates for the lack of individual food 
consumption data. 

It therefore appears from the results reported in this paper that the effect 
of the dietary proteins on serum alkaline phosphatase of weanling or of adult 
rats is related directly to the daily consumption of fat. 
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SOME EFFECTS OF A MATERNAL RIBOFLAVIN DEFICIENCY 
ON REPRODUCTION IN THE RAT! 


By J. P. W. GILMAN,” F. ARMSTRONG PERRY,? AND D. C. HILi* 


Abstract 


Ten female albino rats were fed a purified riboflavin deficient diet for periods of 
17 to 28 days before breeding and throughout pregnancy. Vaginal smears were taken 
daily throughout this period, and food consumption and weight gains were recorded. 
All animals were sacrificed 21 days after breeding and examined for viable young, fetal 
remnants, implantation sites, and corpora lutea. Living young were examined both 
macroscopically and by the alizarin red S technique for ossification centers. Five of 
these females produced 24 viable fetuses, of which two showed skeletal anomalies, one 
was oedematous, and the remainder exhibited a significant weight reduction. An average 
of 62.5% of the embryos in these litters were undergoing resorption. The remaining 
five deficient mothers exhibited 100% resorptions. Nine control females, treated simi- 
larly to the above except for the addition of riboflavin to their diet, had an average of 
10 living fetuses and 14.1% resorptions per litter with no abnormals. The erythrocyte 
sign ranged from complete absence in controls with no resorbing fetuses to a duration of 
up to six days in some depleted animals, with a correlation of +0.84 between duration 
and percentage of resorptions. 


Introduction 


Warkany and Nelson (14) first reported the occurrence of congenital 
skeletal abnormalities, which they designated the ‘Pattern of Diet |”, 
amongst the young from rats fed a Steenbock and Black rachitogenic diet 
No. 2965 supplemented with viosterol. Later they were able to demonstrate 
that skeletal defects of this ‘‘Pattern’’ resulted from a maternal riboflavin 
deficiency. An extensive review of the literature concerning this effect of the 
deficiency is included in a recent paper by Leimbach (7). Most investi- 
gators make brief mention of the possibility of sterility from overdepletion. 
Giroud et al. (3) have studied maternal and fetal riboflavin levels in depleted 
rats showing varying degrees of impaired fertility. 

Another experiment by us (11), based on the methods of Giroud and 
Boisselot (2), drew our attention to the more generalized effects of a maternal 
riboflavin deficiency on successful reproduction, on fetal growth, and on the 
manifestations of the erythrocyte (placental) sign. The experimental work 
reported here was primarily undertaken in an attempt to elucidate these 
aspects of the problem. 


Materials and Methods 


Twenty-two virgin females from two strains of albino rats were used in this 
investigation. Ten animals were from an inbred Strain M*; of these, seven 
were placed on a riboflavin deficient diet whilst three acted as controls. The 


1 Manuscript received March 5, 1952. 
A contribution from the Section of Embryology and Genetics, Ontario Veterinary College, 
and from the Department of Nutrition, Ontario Agricultural College, Guelph, Canada. 
2 Section of Embryology and Genetics, Ontario Veterinary College. 
3 Department of Nutrition, Ontario Agricultural College. 


* Strain originally received from Dr. H. R. H. Hunt, Department of Zoology, Michigan 
State College in 1947. 
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remaining 12 animals were of unknown ancestry (Strain B) from an’ open 
colony in which inbreeding had been avoided. Members of the latter strain 
were divided evenly between the experimental and control groups. 

The ages of all the rats at the beginning of the experiment ranged from 
101 to 124 days (Strain B animals were all 104 days old). The separation of 
animals into deficient and control groups was based primarily on weight, thus 
the average of the former group was 187.9 gm., S.D. = 18.7, while that of the 
latter was 189.3 gm., S.D. = 18.0. One male sib from each of the three 
Strain M litters on experiment was maintained on a natural diet. These 
three rats were used for all matings during this investigation. 

Animals were housed in individual metal cages with raised wire mesh 
floors and the ration was offered in covered metal containers attached to the 
sides of the cages. Each animal was subjected to an acclimatization period 
of either three or four weeks’ duration. During the first two weeks daily 
weights and vaginal smears were taken and a stock ration was fed. All 
animals were changed on to the control purified ration for the remainder of 
the acclimatization period. 

The control diet was composed of sucrose 65%, casein (“‘vitamin free’) 
20%, corn oil 10% (included 2.75% fish oil (2400 A, 400 D) ), and salts 
5%*. To each 100 gm. of this diet were added, in mgm., thiamine hydro- 
chloride 0.5, pyridoxine hydrochloride 0.5, calcium pantothenate 5.0, 
niacin 2.0, p-aminobenzoic acid 1.0, z-inositol 40.0, folic acid 0.14, ascorbic 
acid 9.0, biotin 0.03, crystalline B,. 0.002, choline chloride 100.0, menadione 
0.008, a-tocopherol 10.0, riboflavin 1.0. 

The riboflavin deficient diet was similar in all respects except that the 
crystalline riboflavin was omitted. A microbiological assay of this deficient 
diet by the method of Snell and Strong (12) indicated that it contained 0.27 
ugm. of riboflavin per gm. Diet mixtures were stored in a refrigerator and all 
mixtures were freshly prepared at intervals not exceeding one week. 

Throughout the experimental period daily weighing and vaginal smearing 
were continued, while the amount of ration consumed was recorded and fresh 
ration supplied every second day. 

Attempts were made to breed the rats on the deficient diet from the 17th 
day of depletion on, according to each individual’s growth curve. Conception 
was judged to have occurred when spermatozoa were found in the vaginal 
smear. This was confirmed by the persistence of the typical anoestrus of 
pregnancy, by the weight curve, and in certain instances by the so-called 
placental or erythrocyte sign. 

Pregnant animals were all sacrificed on the 21st day of gestation, with one 
exceptiont and in each case the uteri were examined for viable young, placental 


* Composition in gm. per kgm.: CaHPO,.2H20 461, CaCO; 169, NaCl 135, MgCOs 85, 
e K2HPO, 57, FeSO, 21, MnClz.4H20 3, CuSO, 0.20, ZnO 0.16, CoCO; 0.16, KI 0.68, 
a 80. 


+ Sacrificed on 20th day. 
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remnants, and implantation sites, both ovaries were removed and a count of 
corpora lutea made. Viable young were weighed and examined for super- 
ficial anomalies, then fixed in 10% formalin. Later these fetuses were 
eviscerated, decerebrated, cleared, and stained for ossification centers by the 
alizarin red S technique (13), preparatory to a more detailed examination for 
the presence of skeletal abnormalities. 


Results 


Conception occurred with equal facility amongst deficient and control 
females, with the exception of one of the former rats which failed to conceive 
despite repeated matings from the 18th day of depletion on. Subsequent 
to the fifth week of depletion this animal’s oestrus cycle became increasingly 
irregular until finally she was dropped from the experiment and returned to a 
natural ration*. 

The average time lapse between first mating and conception was 2.8 days 
for the depleted and 3.4 days for the control rats. That the initial depletion 
did not interfere with conception is further demonstrated by a comparison of 
both the average numbers of corpora lutea and of implantation sites; these 
being 12.0 and 12.2 respectively for the deficient animals and 12.1 and 11.4 
for the controls. 

The results of these matings are summarized in Table I. Two of the 
deficient animals have not been included in this table as they exhibited pseudo- 
pregnancies and consequently were considerably more depleted than the 
remainder when rebred at 35 and 48 days of depletion respectively. 


TABLE I 


REPRODUCTIVE RECORD OF RATS FED DEFICIENT AND CONTROL DIETS 








Erythrocyte 
sign 
(days’ duration)* 


Days Viable fetuses Resorptions 


Implantations 
Group Railton depleted (21st day) (%) 





Mean | Range | Mean | Range | Mean | Range | Mean | Range | Mean | Range 





Deficient 10 21.2 | 17-28 12.2 9-15 2.4 0-9 80.8 | 25-100) 3.8 2-6 


Control 10 _ _ 11.4 8-15 10.0 4-14 14.1 0-50 1.0 o4 























* Not necessarily consecutive days. 


An examination of this table shows that the most striking difference between 
the two groups is in the increased percentage of fetal resorptions observed in 
the deficient animals. Discounting those litters which contained no viable 
young, the percentage of resorptions amongst the remainder of the depleted 
litters is 62.5, a figure significantly higher than that of the controls. 


* Later she had a normal litter. 
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Examination of the uteri of deficient animals on the 21st day of gestation 
revealed fetal and placental remnants in varying degrees of resorption. Fetal 
atrophy when present amongst the control litters was generally in a uniformly 
advanced state in contrast to the wide range in size and nature of the remnants 
amongst the depleted animals (Fig. 1). 

The 24 living fetuses from depleted mothers showed a consistent growth 
retardation as evidenced by their body weights. A comparison of their mean 
weights at 21 days with those of the controls of a similar age showed that this 
retardation was highly significant (¢ = 12.67; D.F. = 101; P < 0.01). The 
mean weight of control fetuses was 3.64 gm., S.D. 0.31 with a range of 2.74, 
to 4.32, whilst that of the depleted fetuses was 2.69 gm., S.D. 0.32 (range 
2.07 to 3.09). 

Three anomalous young were observed, all of which were from females of the 
inbred Strain M. Two of these exhibited the typical pattern resulting from 
a maternal riboflavin deficiency. These fetuses showed defective mandibular 
development, from a complete absence to shortening and thickening of various 
limb bones, cleft palates, and fused ribs (Fig. 2). The other abnormal fetus 
however showed none of these defects, being small (2.30 gm.) and extremely 
oedematous but otherwise apparently normal (Fig. 3). 

The percentage of skeletal anomalies observed amongst the viable young in 
this investigation was 8.3, a figure considerably below that reported by 
Warkany and Schraffenberger (15) and Leimbach (7). 

It was previously stated that in some instances pregnancy was finally con- 
firmed when red blood cells were observed in the vaginal smears at approxi- 
mately the 14th day. Table I shows that not all of the controls exhibited this 
erythrocyte sign. Furthermore there was a very considerable variation in 
its duration, the sign being particularly protracted amongst animals on the 
deficient diet. A comparison of the number of days upon which red blood 
cells were observed in the vaginal smears and the number of resorptions gives a 
correlation of +0.84. It was noted that the numbers of red blood cells in 
the vaginal exudate varied from a very few to a visible haemorrhagic discharge, 
and that this variability was present in both the control and deficient groups. 


TABLE II 


AVERAGE DAILY FOOD CONSUMPTION AND WEIGHT GAINS OF DEFICIENT AND CONTROL ANIMALS 











Prior to conception During pregnancy 
Group Weight gains |Food consumption| Weight gains |Food consumption 
gm.) (gm.) (gm. ) (gm.) 





Mean | S.D. Mean | S.D. Mean S.D. Mean | S.D. 





Deficient 0.71 0.25 12.2 | 1.29 0.56 0.38 10.3 1.33 














Control 1.10 0.32 12.8 | 1.35 4.39 1.2 15.9 1.67 





PLATE I 





Fic. 1. Uterus from rat No. 7, on the 21st day of gestation, showing fetal and placental 
remnants in varying stages of resorption. 


Fic. 2. Normal and abnormal (right) 21-day-old sibs from rat No.3, cleared and 
stained with alizarin red S. 


Fic. 3. Normal and oedematous (right) 21-day-old sibs from rat No. 5. 
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The females on the riboflavin free diet showed no definite symptoms of 
deficiency, although as the experimental period advanced they became 
gradually less robust in appearance. This may have been associated with a 
progressive and increasing falling off of the normal gain in weight during the 
depletion period prior to conception (Table II). The difference between these 
figures and those for the controls during the same period are significant at 
the 1% level and this trend is markedly accentuated during pregnancy. 
The reduced growth rate during the depletion period prior to breeding is not 
associated with a reduction in food consumption (Table II); however, inap- 
petence became apparent early in the pregnancy period. 


Discussion 


Observations on the impairment of reproductive efficiency constitute a 
major portion of the published data concerned with the effects of many 
maternal vitamin deficiencies (4, 9, 16). Several vitamins of the B complex 
are credited with growth promoting properties, thus it is not surprising that 
infertility resulting from a maternal diet deficient in such a vitamin should be 
directly attributable to the inability of the mother to maintain adequate fetal 
growth. The results presented above seem to demonstrate this to be the case 
in a maternal riboflavin deficiency. However it should be noted that the food 
consumption of depleted mothers decreased almost 20% during pregnancy in 
contrast to 20% increase shown by control females during the same period 
(Table Il). As both deficient and control mothers had the same number of 
implantations (Table I), the possibility arises that embryonic growth retarda- 
tion and fetal death may have been enhanced in the deficient group by lack of 
an adequate food intake. Isocaloric feeding experiments are being undertaken 
in an attempt to clarify this point. 

Amongst those animals in which depletion was most severe, retardation of 
fetal growth appears to have been such that 100% resorption of litters occurred, 
a somewhat less drastic fetal growth retardation accounting for the death of 
a lesser percentage of litter members. An impairment of reproductive 
efficiency of this latter order was invariably associated with a marked reduction 
in the growth rate of all the living fetuses. 

Recent reports of the occurrence of skeletal anomalies amongst the viable 
young from riboflavin deficient female rats have attracted considerable atten- 
tion. This may in part account for the limited information in the literature 
concerning the more constant and generalized effects of such a maternal 
deficiency. The incidence of skeletal anomalies as a percentage of implanted 
fetuses was only 3% amongst those of our deficient litters that contained some 


living young, whilst 37.5% showed a significantly reduced growth rate and 
62.5% were dead. 
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Within a single litter, some embryos die while others exhibit reductions in 
growth rate and only a few show atypical skeletal development. Three such 
distinct reactions to the same degree of deficiency can best be explained on 
the basis of individual variations in fetal genotype, which concept is essentially 
in accord with a suggestion previously made by Warkany and Schraffen- 
berger (15). Such an hypothesis seems the more probable in that anomalous 
patterns similar to the one under discussion have not infrequently been 
observed in multiple anomalies resulting from gene mutations in other animals 
(1, 10), indicating that the growth co-ordination and timing involved in this 
particular phase of development is comparatively unstable. The two typically 
anomalous individuals reported were found amongst the 12 living fetuses from 
the inbred Strain M, whilst none were observed amongst the same number of 
heterozygous Strain B X M fetuses. The numbers are sufficiently small that 
this could possibly be a chance segregation but it is also quite probably a 
function of the greater genetic uniformity of the former patently susceptible 
strain. 

The so-called placental (erythrocyte) sign is extensively used to confirm 
pregnancy in the rat and is sometimes taken as an indication that this condition 
has proceeded normally up to the time of its appearance between the 12th and 
16th day (6). Between these dates an extravasation of blood is assumed to 
occur as a normal sequel to the development of placental tissues in this 
animal (5). Long and Evans (8) reported its occurrence amongst all the 
pregnant rats in their colony, a fact we have been unable to confirm in either 
this or a previous experiment. More recently, “Blood in the vaginal smear in 
excess of or at times other than that seen during the placental sign........ id 
has been related by Wilson and Barch (16) to fetal destruction in maternal 
vitamin A deficiency, while a large amount of blood after the 12th day has 
been associated with fetal resorption in riboflavin deficiency by Leimbach (7). 
The occurrence and duration of erythrocytes in the vaginal smears of our 
pregnant rats would seem to relate the erythrocyte sign to the occurrence of 
fetal resorptions under normal (control) as well as deficient conditions. It is 
interesting to note that the original colony of Long and Evans exhibited 
approximately 30% resorptions—a high incidence, even though spontaneous 
cases of fetal atrophy occur quite frequently in all multiparous animals. It 
would appear that a further investigation of the relationship between the 
placental sign and fetal resorption is indicated. In the interim both the view 
that its absence necessarily evinces a failure to conceive or that its presence 
is indicative of a normal pregnancy might well be considered suspect. 
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POLIOMYELITIS IN CANADIAN ESKIMOS 


LABORATORY STUDIES. III. LANSING ANTIBODY LEVELS IN 
BAFFIN ISLAND ESKIMOS! 


By E. M. CLARK AND A. J. RHODES 


Abstract 


Studies of the basic immunology of poliomyelitis in Canadian Eskimos have 
been continued. The sera of 24 Eskimos living at Lake Harbour and of 99 at 
Pangnirtung, Baffin Island, have been tested for poliomyelitis antibody by 
means of the Lansing virus neutralization test. Poliomyelitis occurred in Lake 
Harbour in 1943 but has not been recorded in Pangnirtung. Eighteen of the 
24 sera from Lake Harbour contained antibody, but only 10 from the 99 Pang- 
nirtung residents. The positive sera from Pangnirtung were all in persons aged 
18 and over. These results are compared with those previously reported by the 
authors with the sera of Eskimos at Chesterfield Inlet, and with those reported 
by Paul with the sera of North Alaskan Eskimos. The evidence suggests that 
poliomyelitis virus is world-wide in distribution. 


Introduction 


The outbreak of poliomyelitis that affected Eskimos in the Eastern Arctic 
region of Canada in the winter of 1948-1949 has attracted wide interest (1, 8). 
The epidemic at the settlement of Chesterfield Inlet, which was studied in 
some detail, proved of significance to students of poliomyelitis because of the 
high attack rate, involvement of all age groups over three years of age, occur- 
rence in a subzero temperature, and the strong evidence that the infection 
was introduced into the community by a healthy person. As far as could be 
determined, the Eskimo community had not before suffered from paralytic 
poliomyelitis. We have already carried out a number of laboratory studies 
in connection with the Chesterfield Inlet outbreak (3, 9). For example, we 
demonstrated the presence of typical poliomyelitis virus in the pathological 
specimens of six Eskimos; positive results were obtained with two specimens 
of brain and cord, three specimens of stool, and one specimen of throat 
washings. Unsuccessful attempts were made to adapt three of these strains 
to mice and cotton rats. 

Because of the importance of this epidemic, two strains of virus were sent, 
shortly after isolation, for examination by the Committee on Typing of the 
National Foundation for Infantile Paralysis. It has recently been reported 
that these strains belong to the Brunhilde, or common North American type 
(2, 10). In view of the general interest of the outbreak, we are at present 
proceeding with the typing of three additional strains by tissue culture 
methods. 

We have also reported on examinations of sera collected at the time of the 
Chesterfield Inlet epidemic and subsequently for the presence of Lansing 
virus neutralizing antibody (3). Antibody was found in the serum of 18 of 


1 Manuscript received May 26, 1952. 


Contribution from the Connaught Medical Research Laboratories, University of Toronto, 
Toronto, Ont. Aided by a Federal Public Health Research Grant (Government of Canada). 
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34 Eskimos. The results of this necessarily small survey of sera suggested 
that Lansing antibody was acquired by Chesterfield Inlet Eskimos from the 
age of 10 years onward and was essentially unrelated to the current outbreak. 

The results of our serological examinations were somewhat different from 
those reported by Paul and his associates (4, 5, 6) who found that only a few 
sera from healthy North Alaskan Eskimos under 20 years neutralized Lansing 
virus. We considered it probable that the Canadian Eskimos showed more 
evidence of previous exposure to Lansing virus than did the North Alaskan 
Eskimos studied by Paul. However, the reservation was made that the higher 
incidence of positive sera in the Chesterfield Inlet Eskimos may have been due 
to the fact that the patients tested were mainly convalescents, the Lansing 
antibody perhaps representing a nonspecific response to infection with the 
antigenically distinct Brunhilde type of virus. Repeat serological examin- 
ations in a few Eskimos gave some support to such a view. 


Here it may be of interest to mention the recently reported observations 
of another group of workers in Canada. Pavilanis and Frappier (7) have 
described an outbreak at Saint Augustin, an isolated village in southeast 
Quebec near the Labrador boundary. The community of 417 whites had had 
no clinical poliomyelitis for at least 30 years. Thirty-three cases of polio- 
myelitis (13 paralytic) occurred in children aged 2 to 14 in January, 1950. 
Serum was taken from most of the villagers one month after the outbreak. 
At the age of four about half the children had serum antibody; by 12 years 
antibody was present in the serum of almost everyone. 

Our interest in the basic immunology of Canadian Eskimos has continued. 
Unfortunately, it has proved impossible to obtain further sera from the 
Chesterfield Inlet Eskimos reported in our earlier paper, because of the in- 
accessibility of the community. It is unlikely therefore that any further 
direct study can be made by examination of sera from Chesterfield Inlet. 
However, during the last year, we have been able to obtain sera from allegedly 
healthy Eskimos resident in another part of the Canadian North, namely the 
isolated communities of Lake Harbour and of Pangnirtung, Baffin Island, 
N.W.T. The sera were collected by Dr. Ella Kuitunen, School of Hygiene, 
University of Toronto, and Dr. J. R. Judge, Pangnirtung. These sera have 
now been examined for Lansing virus neutralizing antibody. The results are 
of considerable interest, because the sera from Lake Harbour Eskimos con- 
tained antibody more frequently than did those of the Pangnirtung Eskimos. 
In general, the Lake Harbour results were similar to those obtained with sera 
from Chesterfield Inlet. At Pangnirtung, antibody was acquired much later 
in life. These results are presented as a further contribution to the study of 
the basic immunology of poliomyelitis in the Northern part of the North 
American Continent. The sera in our possession will later be tested, by tissue 
culture techniques, for the presence of antibody to the other types of polio- 
myelitis virus (Brunhilde and Leon). 
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History of Poliomyelitis in the Localities Selected for Study 


Lake Harbour 


Through the kindness of Dr. Ella Kuitunen, we had available for testing 
the sera of 24 Eskimos residing at Lake Harbour, Baffin Island (See Fig. 1). 
These samples were collected during the summer of 1950. The Eskimos were 
residents of Lake Harbour, except that Eskimo E9-1509 came there from 
Wolstenholme on the Quebec mainland. Also, three Eskimos (E7-1139, 
E7-1159, and E7-1160) came from Dorset, west of Lake Harbour on Hudson 
Strait. 
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Fic. 1. Map of Hudson Bay and Baffin Island, N.W.T., Canada. 











There appears to have been an outbreak of poliomyelitis in Lake Harbour 
in 1942. Dr. P. E. Moore reports as follows: ‘“‘Doctor R. N. Simpson, who 
supervises the medical care in the Eastern Arctic, was able to get reports that 
in 1942, three weeks after the ‘‘Nascopie’’ visited Lake Harbour, a native girl, 
who had been on the ‘‘Nascopie’”’ with her father, the pilot, had a sudden 
severe onset of pain and stiffness of neck, opisthotonos, strabismus, delirium, 
early coma; death occurred within 24 hr. Her brother, six years of age, 
developed the same symptoms and died the following day. These patients 
had not been treated. Three more cases developed at three week intervals, 
but were treated with sulphonamides and all recovered. None of the patients 
showed any sign of paralysis or residual disability. The diagnosis was 
‘meningitis’. At this time there were some American soldiers stationed at 
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Lake Harbour and they stated there had been many cases of ‘‘meningitis’’ at 
Boston where the “‘Nascopie’’ had taken on part of her cargo. It is possible 
that there was a carrier on the ship.” 

That the “‘meningitis’’ of which Dr. Simpson speaks was actually poliomye- 
litis is rendered more likely when considered in conjunction with the following 
report of Dr. J. R. Judge, Pangnirtung, N.W.T., received in 1952: ‘An 
epidemic about 8 years ago (at Lake Harbour) resulted in several cases of 
paralysis that I examined cursorily during a hurried visit this last summer 
(1951). I recommended several patients as suitable for arthroplastic ankle 
fixation; at least one was taken out, and is now on the way back. I do not 
have their names, and only have my impression that they most resembled 
poliomyelitis end results.”’ 


Pangnirtung 


During the summer of 1951, Dr. Ella Kuitunen and Dr. J. R. Judge very 
kindly obtained for us the sera of 99 Eskimos. The only member of this 
series who was not a resident of the immediate vicinity is E7—-1106 who, we 
are told, came from River Clyde to the Pangnirtung hospital with an eye 
infection. 

Dr. Judge has searched the records of the hospital at Pangnirtung, N.W.T. 
but can find records of only one possible case of poliomyelitis. One adult 
male developed paraplegia in 1939 when aged 39; when examined in 1951 this 
patient showed marked atrophy of both quadriceps, and gastrocnemii, along 
with sensory loss. It is not possible to be certain whether the nervous lesions 
are due to poliomyelitis or not, but probably not. 


Technical Methods 


All sera were separated shortly after the blood was withdrawn and were 
transported to Toronto in the frozen state. The sera were held in the carbon 
dioxide ice chest in our laboratory until tests could be performed. Sera were 
not heated or treated with preservative. 

The procedure for the testing of sera for virus-neutralizing antibody was 
similar to that previously used in our laboratory (3). In brief, 10-fold 
dilutions of the sera to be tested were prepared in sterile physiological saline. 
Lansing virus mouse pool (No. 6) was then added in an amount calculated to 
give approximately 100 LDso in each 0.03 ml. of serum-virus mixture. The 
mixtures were held at room temperature for one and one-half hours and 
inoculation of mice was carried out. Suitable dilutions of virus alone were 
also inoculated into mice to titrate the virus. Nine such titrations showed 
that the average challenge dose of virus was 123 LDs). The mice used were 
12 to 14 gm. males supplied by Tumblebrook Farms. Ten mice were inocu- 
lated with each serum—virus mixture and with each dilution of virus. Animals 
dying within 24 hr. of inoculation were excluded from our records. Mice 
were observed for a period of four weeks. LDso titers of virus and 50% 
neutralizing end points of serum were calculated by Karber’s method. 
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Our results are expressed on the following basis: A ‘‘negative’’ (—) serum 
is one where the mortality picture in mice inoculated with undiluted serum— 
virus mixture is 10/10, 9/10, 8/10, 7/10, 6/10, 5/10, or 4/10. A ‘“‘positive”’ 
(+) serum is one where the mortality picture in mice inoculated with the 
undiluted serum—virus mixture is 0/10, 1/10, or 2/10. In the case of more 
strongly positive sera, the 50% neutralizing endpoints are expressed in the 
form of titers, e.g. 10-'. An additional classification of “‘doubtful’(+) is 
used to cover a few sera where 3/10 mice were killed when inoculated with 
the undiluted serum—virus mixture. 

A few positive sera from Lake Harbour were subjected to heating in a water 
bath at 57° C. for half an hour to determine the effect on antibody. Serial 
10-fold dilutions were then prepared in physiological saline, the remaining 
details of the test being as described above. 


Results 


Lake Harbour Eskimos 

The results of the virus neutralization tests with the serum of the Lake 
Harbour Eskimos are presented in Table I. Though the number of persons 
represented is small, the outstanding feature is the fact that 18/24 (75%) of 
the samples contained antibody, and of these, 13 showed a 50% neutralizing 
titer of 10-'-° or greater. It will be observed that heat treatment had no 
significant effect on antibody level, titers with heated and unheated sera 
being very close. 


TABLE I 


LANSING ANTIBODY IN SERUM OF LAKE HARBOUR ESKIMOS 




















50% Neutralizing end point of 
i a a Age Sex serum or other expression 
mn > of activity 
15-19 E7-3 15 M _— 
E7-96 16 M 1071-3 
E7-153 17 M 10713 
E7-89 18 F 1071-1 
20-24 E7-180 20 M 10-13 
E7-244 21 F - 
E7-56 22 M _ 
E7-240 23 M 1071 
(10-1, heated serum) 
E7-12 24 M 1071-0 
E9-1509 24 F 1071-5 
(10-16, heated serum) 
25-29 E7-173 28 F Di 
30-34 E7-10 33 M - 
E7-172 33 M 10713 
E7-270 34 M 1071-1 
(10-4, heated serum) 
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TABLE I—Concluded 


LANSING ANTIBODY IN SERUM OF LAKE HarsBour Eskimos—Concluded 











50% Neutralizing end point of 
~~ hoy P ee Age Sex serum or other expression 
y : of activity 
35-39 E7-65 35 M + 
E7-157 38 F 107141 
E7-196 39 F 1974 
(101-8, heated serum) 
40-45 E7-32 42 F + 
E7-178 42 M oo 
E7-1139 40-45 M - 
E7-1159 40-45 M - 
E7-1160 40-45 F 1071-7 
(10-14, heated serum) 
46 E7-92 46 M 1071-0 
62 E7-82 62 M + 

















Note: Sera examined, 24: positive, 18; negative, 5; doubtful, 1. 


Pangnirtung Eskimos 

Table II shows the results of testing the sera of 99 persons in the Pang- 
nirtung area for Lansing virus neutralizing antibody. It will be seen that no 
antibody was found in any of the 34 sera from persons under 18 years of age, 
but was found in the serum of 10 of the 65 persons aged 18 and older. Thus, 


of the 99 sera only 10 were positive. One serum was doubtful, and the 
remainder were negative. 


TABLE II 


LANSING ANTIBODY LEVELS IN SERUM FROM ESKIMOS AT PANGNIRTUNG, BAFFIN ISLAND 











50% Neutralizing end point of 
Age a -— ~on Age Sex serum or other expression 

“— vo of activity 
0-4 E6-569 2 M - 

E6-547 3 M ~ 

E6-507 4 M — 

E6-509 4 F - 

E6-522 4 F _ 

E6-534 4 M - 
5-9 E6-462 6 M - 

E6-446 7 F = 

E6-450 7 M on 

E6-418 9 M a» 

E6-420 9 M - 
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TABLE IIl—Continued 


LANSING ANTIBODY LEVELS IN SERUM FROM ESKIMOS AT PANGNIRTUNG, BAFFIN ISLAND 











—Continued 
50% Neutralizing end point of 
Age eo Reference Age Sex pt or poe saseenion 
(years) No. of activity 
10-14 E6-136 10 M - 
E6-316 10 F - 
E6-468 10 M - 
E6-25 11 F _ 
E6-182 11 F - 
E6-354 11 F - 
E6-36 12 F _ 
E6-226 12 F - 
E6-281 12 M ~ 
E6—401 12 F _ 
E6-212 13 F - 
E6-315 13 F _ 
E6-297 14 M - 
15-19 E6-24 15 M -_ 
E6-173 15 M _ 
E6-210 15 M _ 
E6-225 15 F - 
E6-490 15 M - 
E6-191 16 M _ 
E6-332 16 M - 
E6-15 17 M _ 
E6-23 17 M _ 
E6-353 17 F - 
E6-30 18 F - 
E6-120 18 F + 
E6-139 18 M ~ 
E6-164 18 F - 
E6-172 18 M _ 
E6-294 18 M - 
E6-343 18 F 
E6-22 19 M = 
E6-190 19 M 1071-0 
E6-238 19 F _ 
E6-400 19 F _ 
20-24 E6-109 20 F on 
E6-148 20 M — 
E6-196 21 M = 
E6-326 21 M = 
E6-14 22 M - 
E6-197 22 F - 
E6-280 22 M 
E6-358 22 F - 
E6-393 22 M _ 
E6-21 23 F ~ 
E6-28 24 M 
E6-162 24 F oa 
E6-222 24 M _ 
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TABLE II—Concluded 


LANSING ANTIBODY LEVELS IN SERUM FROM ESKIMOS AT PANGNIRTUNG, BAFFIN ISLAND 











—Concluded 
50% Neutralizing end point of 
Age group “<< “~ Age Sex jen or oaar penn 
(years) = of activity 
25-29 E6-169 25 M - 
E6-201 26 F - 
E6-392 26 M - 
E6-17 27 F 10-14 
E6-336 28 M _ 
E6—405 28 M - 
E6-16 29 M - 
E6-110 29 M ~ 
30-34 E6-314 31 F = 
E6-323 31 F _ 
E6-35 32 F - 
E6-69 32 F - 
E6-161 32 F - 
E6-181 32 M _ 
E6-200 34 M - 
35-39 E6-157 35 M - 
E6-68 37 M - 
E6-227 38 M - 
40-44 E6-122 40 M _ 
E6-187 40 M - 
E6-220 40 M - 
E6-243 40 M 10-16 
E6-351 40 M - 
E6-123 43 F — 
E6-221 44 F _ 
45-49 E6-26 45 M - 
E7-1106 45 M 1072-6 
E6-19 48 F - 
50-54 E6-499 50 F - 
E6-295 51 M - 
E6-202 53 F = 
E6-27 54 F - 
55-59 E6-270 55 F - 
E6-374 55 F o 
E6488 55 M + 
E6489 56 F + 
60 and over} E6-278 60 F _ 
E6-193 70 M 102-3 
E6-208 71 F 10-12 
E6-386 71 F 107! 
E6-207 72 M 1071-1 
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In Table III we have presented the results on the basis of individual 
families; 79 persons are represented in 27 families. No definite correlation 
can be found between the presence of antibody and family relationship. In 
several families, one or other parent had antibody in their serum but none 
was found in that of the other parent or the children. 


TABLE III 


LANSING ANTIBODY LEVELS IN SERUM FROM MEMBERS OF ESKIMO FAMILIES, PANGNIRTUNG, 
BAFFIN ISLAND 























50% Neutralizing end point of 
Family No. | Eskimo No. Sex Age serum or other expression 
of activity 
1 E6-172 M 18 - 
E6-173 M 15 - 
2 E6-295 M 51 - 
E6-297 M 14 - 
E6—499 F 50 - 
3 E6-68 M 37 - 
E6-69 F 32 - 
E6-468 M 10 - 
4 E6-207 M 72 10-11 
E6-—208 F 71 10-12 
E6-210 M 15 _ 
5 E6-26 M 45 - 
E6-27 F 54 _ 
E6-30 F 18 -- 
E6-136 M 10 - 
E6-—420 M 9 - 
6 E6-220 M 40 - 
E6-221 F 44 - 
E6-222 M 24 - 
E6-225 F 15 - 
E6-226 F 12 - 
7 E6-16 M 29 - 
E6-17 F 27 10714 
E6-182 F 11 - 
E6-450 M 7 - 
E6-507 M 4 - 
8 E6-314 F 31 - 
E6-315 F 13 _ 
9 E6-316 F 10 - 
E6—-446 F 7 “a 
E6—509 F 4 _ 
E6-569 M 2 - 
10 E6-323 F 31 - 
E6-336 M 28 _ 
E6-522 F 4 _ 
11 E6-28 M 24 - 
E6-162 F 24 - 
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TABLE III1—Concluded 


LANSING ANTIBODY LEVELS IN SERUM FROM MEMBERS OF ESKIMO FAMILIES, PANGNIRTUNG, 
BAFFIN IsLAND—Concluded 











50% Neutralizing end point of 
Family No. | Eskimo No. Sex Age serum or other expression 
of activity 

12 E6-187 M 40 - 
E6-190 M 19 Q-1.0 
E6-191 M 16 ~ 

13 E6-122 M 40 _ 
E6-123 F 43 - 

14 E6-488 M 55 ~ 
E6-489 F 56 - 
E6—490 M 15 - 

15 E6-193 M 70 10-24 
E6-196 M 21 _ 

16 E6-19 F 48 ~ 
E6-21 F 23 ~ 
E6-22 M 19 _ 
E6-23 M 17 - 
E6-24 M 15 _ 
E6-25 F 11 - 
E6-418 M 9 = 

17 E6-148 M 20 = 
E6-332 M 16 = 

18 E6-157 M 35 = 
E6-547 M 3 _ 

19 E6-200 M 34 - 
E6-201 F 26 - 

20 E6-351 M 40 - 
E6-353 F 17 - 
E6-354 F 11 - 
E6—462 M 6 — 
E6-534 M 4 - 

21 E6-278 F 60 
E6-281 M 12 

22 E6-25 F 32 = 
E6-36 F 12 = 

23 E6-202 F 53 _ 
E6-243 M 40 10-14 

24 E6-197 F 22 - 
E6-280 M 22 = 

25 E6-15 M 17 _ 
E6-386 F 71 10-16 

26 E6-161 F 32 = 
E6-164 F 18 = 

27 E6-374 F 55 a 
E6—401 F 12 = 
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In Table IV the results of antibody tests on persons from both localities in 
Baffin Island are presented for comparison. It is seen that the sera of 75% 
of those from the Lake Harbour district possessed antibody to the Lansing 
strain of virus as compared with only 10% of those from the Pangnirtung 
area. 

TABLE IV 


DISTRIBUTION OF POSITIVE SERA ACCORDING TO AGE, BAFFIN ISLAND Eskimos 























Age group Number of Eskimos with positive sera 
(years) Lake Harbour Pangnirtung 
Under 5 0/6* 
5-9 0/5 
10-14 0/13 
15-19 3/4* 2/21 
20-24 5/6 0/13 
25-29 0/1 (also 1 doubtful) 1/8 
30-39 5/6 0/10 
40-49 4/6 2/10 
50-59 0 1/8 (also 1 doubtful) 
60 and over 1/1 4/5 
Note: Number positive: 18/24 (75%) 10/99 (10%) 
Number doubtful: 1/24 99 
Number negative: 5/24 (20%) 88/99 (88%) 


* Numerator denotes number of persons positive, denominator number tested. 


Discussion 


In this report we describe the results of testing the sera of 24 Eskimos from 
Lake Harbour, Baffin Island, and 99 Eskimos from Pangnirtung, Baffin 
Island, for antibody to the Lansing strain of poliomyelitis. We have pre- 
viously reported on the examination of sera from patients involved in the 
Chesterfield Inlet outbreak and of some supposedly healthy contacts. This 
study was initiated as a means of investigating the basic immunology of 
poliomyelitis in isolated communities in the Canadian North, on the generally 
accepted assumption that the presence of Lansing antibody is an indication 
of previous exposure to a virus or viruses of the poliomyelitis group. On this 
assumption, it is seen that poliomyelitis has invaded all three territories at 
some time in the past, although clinical disease has not been recognized at 
Pangnirtung. The results of the tests at Chesterfield suggested that this 
invasion had occurred prior to the 1949 epidemic. Comparatively few sera 
were available from Lake Harbour and all that can be said is that antibody 
was present in the serum of children of 16 and upwards. Whether this anti- 
body developed at the time of the probable poliomyelitis outbreak in 1943 
cannot be decided. The results of the examination of the sera of the Pang- 
nirtung residents are of main interest as the numbers of sera are sufficient 
to give the results significance. Of the 99 sera only 10 were positive, and 
these all came from persons aged 18 and over. This age distribution of anti- 
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body is similar to that found by Paul in North Alaskan Eskimos (4, 5, 6), 
although the percentage of positives in our series in the older groups is lower. 
For comparison of the data we have plotted Paul's results and the Pangnirtung 
Such a comparison appears justified as the technical methods 


results in Fig. 2. 
Paul and his colleagues were inclined 


used in both studies were very similar. 
to attribute the presence of antibody in adults to a reported outbreak of 


poliomyelitis about 20 years before the sera were taken. On this basis the 
age distribution of Lansing antibody found in the Pangnirtung Eskimos may 
indicate the occurrence of poliomyelitis in the community in the remote past, 


with long persistence of antibody. 
The Eskimos at Pangnirtung, Baffin Island, represent the most isolated 


group of supposedly healthy persons whose serum has been adequately tested 


for poliomyelitis antibody. The results of these tests lead to the conclusion 


that poliomyelitis antibody is universally present in human communities, and 
that by inference poliomyelitis virus is likewise widely distributed. 
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SERIES 
Fic. 2. Results of neutralization tests with the Lansing virus in patients of different 
ages. Figure shows results obtained by Paul and Riordan (Am. J. Hyg. 52 : 202. 1950) 
in North Alaska Eskimos compared with those obtained in Pangnirtung (Baffin Island) 


Eskimos. 
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APPLICATIONS OF THE HENDERSON-HASSELBALCH EQUATION 
TO SINGLE AND MIXED BUFFER SOLUTIONS 


WITH A NOTE ON CONSTANTS FOR BICARBONATE BUFFER AND EXAMPLES 
OF APPLICATIONS TO WARBURG MANOMETRIC STUDIES! 


By Marion K. BIRMINGHAM? AND K. A. C. ELLIoTT 


Abstract 


On the basis of a review of recent literature the following constants for the 
bicarbonate and primary-secondary phosphate buffer systems seem to be the 
most reliable. 

_ for bicarbonate buffer in mammalian Ringer solution: 6.08 at 25°, 6.02 
at 38°. 


pK’ for bicarbonate in Ringer-0.02 M phosphate-bicarbonate solution: 6.06 
at 25°, 6.00 at 38°. 

pK’ for serum: 6.12 at 25°, 6.09 at 38°. 

pK’ for Ringer—phosphate solution: 6.8, scarcely changed by temperature. 

Solubility coefficient of carbon dioxide (aco,) in water, 0.76 at 25°, 0.54 at 38°; 
in Ringer solution, 0.74 at 25°, 0.53 at 38°. 

Methods for calculating pH and acid-base changes, carbon dioxide evolution 
and retention, and temperature effects, in single and mixed buffers have been 
presented. Examples of applications to Warburg manometric work are given 
which illustrate the effect of a second buffer on manometric determinations in 
bicarbonate buffered media. 


Applications of the Henderson-Hasselbalch equation were developed for 
the calculation of pH changes, carbon dioxide evolution, and acid—base 
changes in work involving solutions of mixed buffers. It is felt that the 
formulae obtained and the examples given, with the points illustrated by 
them, may be useful to others in manometric and other studies. 

Divergent values for the pK’ of bicarbonate buffer may be found in several 
texts and have been used for calculations of pH in research. Results of 
determinations of relevant factors for bicarbonate and phosphate buffered 
solutions are therefore briefly reviewed. 


Constants for Bicarbonate and Phosphate Buffers 


The pH of a bicarbonate buffered solution is given by the equation 
pH = pK’ + log (NaHCO;) — log ago, — log Poo, + log (760 X 22.4) 
where Qo, is the solubility coefficient and Pgo, is the partial pressure of 
carbon dioxide. Hastings and Sendroy (5) determined the first dissociation 
constant of carbonic acid, and gave the relation pK’ = pK — 0.5+/u where 
pK equals 6.33 at 38°. This gave pK’ equal to 6.13 in mammalian Ringer 
solution where yp, the ionic strength, is 0.16. Corrections applied by Sendroy 
(see Footnote in (11)) to these figures brought the pK for bicarbonate buffer 
at infinite dilution to 6.316 instead of 6.33. 

Values for the pK’ of bicarbonate buffer have since been redetermined by 
several workers. By conductance measurement Shedlovsky and MaclInnes 


1 Manuscript received July 31, 1950, and, as revised, June 2, 1952. 


Contribution from the Department of Neurology and Neurosurgery, McGill University, 
and the Montreal Neurological Institute, Montreal, Que. 


2 Present address, Allan Memorial Institute, Montreal. 
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(11) obtained pK values of 6.37 and 6.32 at 25° and 38°. MaclInnes and 
Belcher (7, 8), who preferred these values to their own slightly different 
figures, found the relations pK’ = pK — 0.119y at 25° and pK’ = pK — 
0.082 at 38°. These relations would give pK’ values, at the ionic strength 
of Ringer solution, of 6.35 at 25° and 6.31 at 38°. However, their equations 
were based on measurements in solutions containing equal molarities of 
sodium chloride and bicarbonate. Tables and equations of Harned and 
Davis (4) and Harned and Bonner (3) give pK equal to 6.35 and 6.30 at 25° 
and 38°, and pK’ in 0.16 M sodium chloride or equivalent ionic strength 
equal to 6.08 and 6.02. (In a Ringer solution containing both bicarbonate 
and 0.02 M phosphate the ionic strength is increased to about 0.19. This 
would lower the pK’ to 6.06 and 6.00.) Niasdnen (10), using a different 
method, obtained pK values and salt effects within the relevant range which 
agree very closely with those of Harned and co-workers. These values, 
which differ considerably from those commonly used, are used in the 
following examples. 

Hastings, Sendroy, and Van Slyke (6) found the pK’ for serum at 38° to 
be 6.10 after applying certain corrections to methods and calculations 
previously used. Wiesinger et al. (13) have recently redetermined the pK’ of 
serum showing that it varies appreciably with temperature, very slightly 
with pH. They found that the pK’ values at 25° were 6.127 and 6.119 at 
pH 7.1 and 7.6; at 38° the values, interpolated from their curves, were 
6.096 and 6.083. 

Van Slyke et al. (12) obtained a@go, values at 38° of 0.545 and 0.528 in 
water and in Ringer solution respectively. MacInnes and Belcher (7) used 
the Henry’s law constant values 0.0337 and 0.0244 at 25° and 38° in water; 
these figures correspond to Qo, values of 0.753 and 0.543. Figures and 
interpolations from Markham and Kobe (9) give 0.756 and 0.531 for aco, in 
water at 25° and 38°, and 0.726 and 0.510 in 0. 16 M sodium chloride. Inter- 
polation in the tables of Henry’s law constants of Harned and Davis (4) and 
conversion to Q@co, values give 0.768 and 0.558 at 25° and 38° in pure water, 
and 0.745 and 0.543 in 0.16 M sodium chloride. The means of the above 
various values for @o, in Ringer solution, namely 0.74 and 0.53 at 25° and 
38°, will be adopted in the following examples.! 

Bates and Acree (1) have recently redetermined the pH of solutions of 
equimolar concentrations of dibasic and monobasic phosphate. According to 
their tables and equations the pH at a total phosphate concentration of 
0.02 M is 6.96 at 25° and 6.94 at 38°; for 0.03 M phosphate the values 
would be 6.92 and 6.90. Extrapolations from their values in the presence 
of sodium chloride indicate that in Ringer—-phosphate solutions the pK’ would 
be close to 6.8 at either temperature, with a possible error of about 0.02 unit 

1 Interpolation from figures of Harned and Davis (4) gives acor values of 0.70 and 0.51, 
at 25° and 38° for a solution of ionic strength about 0.45 such as is obtained when Ringer solution 


ts acidified to 0.3 N with hydrochloric acid in the course of experiments with the Dixon-Keilin 
apparatus. 
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depending partly on the actual pH of the solution. (Cohn, summarized in (2), 
showed considerable variation of pK’ with pH in aqueous phosphate solutions. 
The effect would be small in Ringer—phosphate solutions.) 


Calculations 


Throughout these calculations, quantities which are initially known, or 
immediately calculable, are represented by capital letters, others by small 
letters. Concentrations are given as millimolarities or wmoles per milliliter 
and pressures in millimeters of mercury. Volumes are given in milliliters, 
and quantities of gas in uwmoles per milliliter of aqueous phase. Solubility 
coefficients for carbon dioxide, @go,, are in milliliters gas per milliliter of 
solution. For convenience the term pK is used in place of the more correct 
term pK’. Temperature is considered constant except where otherwise stated. 

In the examples the constants arrived at in the preceding section and 
summarized in the abstract are used. The vapor pressure of water is taken 
as 24 mm. Hg at 25°, 50 mm. Hg at 38°. Atmospheric pressure or the initial 
pressure in the vessels is taken as 760 mm. 

Solutions to problems involving addition of acid apply equally, provided 
the correct sign is used, to removal of acid or addition of base. 


1. ORpDINARY BUFFER 


Problem Ja. A solution contains known concentrations A and B of the acid 
and salt components of an ordinary buffer, the pK of which is known. Ifa 
known concentration, L, of relatively strong acid? is added to or produced in 
the solution, what is the resulting pH? 

According to the Henderson-Hasselbalch equation, the initial pH is given 


‘ . B . , 
by the equation pH = pK + log A: Since the added acid converts an 


equivalent of buffer salt to buffer acid, the final pH is given by 

B-L 

H = pK ——_—-. 

p pK + log ey i 

Problem 1b. If, under similar circumstances to those in Problem 1a, the final 
PH is known, how much acid was produced? 

On rearranging the above equation for the final pH, the amount of acid 

added, /, is given by 


B-—ZA : . 
l= ae + a where Z = antilog (pH — pK). 
Problem Ic. In a solution containing an ordinary buffer of known total 
concentration, M, a known concentration of strong acid, L, is formed. If the 
PH is then determined, pHr, what was the pH before the acid change, pH;? 


2 The symbols L orl are used since lactic acid is one of the commonest acids involved in this 
type of problem. 
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Let a’ and 0b’ be the concentrations of buffer acid and salt after the"acid 
change. These can be calculated directly as follows: 





Z = antilog (pHr — pK) = : = =~ 2 
a a 
. — | a 
Whence a =Tagandb = M-a’. 
These values for a’ and b’ are then substituted in the equation 
_ vo +L 
pH; = pK + log 77> 


2. BICARBONATE—CARBON DIOXIDE 


In an ordinary buffer system, addition of a strong acid increases the buffer 
acid and decreases the buffer salt by an amount equal to the concentration of 
strong acid added. The bicarbonate buffer system differs from the ordinary 
buffer in that the acid component is in equilibrium with a dissolved gas and is 
therefore determined by the partial pressure of that gas in the gas phase. 
Addition or removal of strong acid or base therefore affects the concentration 
of buffer ‘‘acid”’ only to the extent to which the partial pressure of carbon 
dioxide in the gas phase is altered. In an open system, such as a solution 
through which a known gas mixture is passed, no change in the acid component 
occurs and the pH is affected only by changes in the buffer salt, bicarbonate. 
In a closed system the acid component will be affected to the extent that 
liberated or absorbed carbon dioxide affects the partial pressure in the gas 
phase. In an open system all carbon dioxide liberated by acid leaves the 
solution. In a closed system a fraction of the carbon dioxide liberated is 
“‘retained”’ in solution as a result of the increase in partial pressure of carbon 
dioxide in the gas phase. 

The carbonic acid is actually only a fraction of the total of dissolved carbon 
dioxide plus carbonic acid but it is a constant fraction and the pK is calcuiated 
as if the total were present as carbonic acid. In the following, therefore, the 
total will be referred to as the “carbonic acid’’. Its concentration, A, in 
millimoles per liter, is given by the equation: 


_ C(P— V) X aco, 
(2) A = 100 x 700 X 22.4 x 1033 





where C = per cent of carbon dioxide in the gas mixture, P = total gas 
pressure (usually the prevailing barometric pressure), V = vapor pressure 
(50 at 38°), and @go, = solubility coefficient. 


Problem 2a. A solution contains a known concentration, B, of bicarbonate 
and a gas mixture containing a known concentration of carbon dioxide is 
passed through it at constant known pressure. If a known concentration, L, 
of acid is added what is the resultant pH? 
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Since the carbon dioxide tension, and hence the ‘“‘carbonic acid’’ concentra- 
tion, is constant, and addition of acid merely decomposes bicarbonate, 


B-L 
A 





pH = pK + log 


where A is calculated as above. 


Problem 2b. A known bicarbonate — carbon dioxide system is confined in a 
vessel of limited known volume. If a known concentration, L, of acid is 
added, how much carbon dioxide is liberated as gas, and what is the resultant 
pH? 

Let g = the amount of carbon dioxide liberated as gas (umoles per milliliter 
of fluid). 

The change in carbon dioxide tension, A, following addition of acid, is 
given by 

to Ve X 22.4 X 10%*XTXP 
Ve X 273 


where Vp is the volume of fluid in the vessel, Vg is the volume of gas space, 
T is the absolute temperature, and P the barometric pressure. 





The increase in dissolved carbon dioxide per milliliter of fluid 





a aco: 
= 4X 70x 02.4 x 102 


_VrexTXPX0m,,_ F 
we a 





where 
_ Ve XT X P X aco, 
(261) F = Vex 273 X 760 


then a=A+Fg. 





Since the added acid decomposes bicarbonate yielding its equivalent of carbon 
dioxide partly as gas, partly as extra “‘carbonic acid”’ in solution, 


L 
(22) L = g + Fg, whence g = 77> 
FL 
a =A+t Fe=A+ 7 ypandb=B-L, 
whence 
B-L 
(2bs) 





pH = pK + log 7 ara + Py 
The relation of the carbon dioxide liberated as gas to the equivalent of the 
acid added, the “retention’’, is given by 
Leas 100 Fg _ 100F 
L g+Fe 1+F° 
It will be noted that, in the absence of a second buffer, the percentage 
retention is a function only of the constant F. 





xX 100 = 





(2b,) Percentage retention = 
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Example 2b. A Warburg vessel of 17 ml. total volume received 2 ml. of a 
Ringer-20 mM. bicarbonate solution. After filling the vessel with a gas 
mixture containing 5% carbon dioxide and equilibrating at 38° and 760 mm. 
pressure, 10 wmoles of lactic acid were produced per milliliter of the solution. 
(This quantity would of course be known from the manometer reading and 
vessel constant.) 

In this example, B = 20, C=5, P = 760, V = 50, aco, = 0.53, Vr = 2, pK = 
6.02, Ve = 15, L = 10. Substituting these figures in equations 2, 2B,, 2Bz, 
2B;, and 2B4; A = 1.11, F = 0.08, g = 9.26, pH (before acid) = 7.28, 
pH (after acid) = 6.75, and the retention is 7.4%. 

From Problem 2a it can be calculated that in an open vessel the final pH 
would be 6.97. The effect on pH of added acid is thus appreciably greater 
in the Warburg vessel than in an open vessel. 

Though “acid retention” in a simple bicarbonate buffered medium is 
significant, this does not affect ordinary manometric procedure. The constant 
for the Warburg apparatus as usually calculated, multiplied by the manometer 
reading, gives a figure which includes the extra carbon dioxide dissolved as a 
result of the increased carbon dioxide tension in the vessel, that is, it gives 
(g + Fg)Vr X 22.4 (if calculated for microliters). 


Problem 2c. Into the same situation as in Problem 2), a known amount of 
carbon dioxide is introduced. What is the final pH and the percentage 
retention? 
Let G’ = total amount of carbon dioxide introduced (umoles per milliliter 
of solution) 
g = amount of carbon dioxide remaining as gas. 


As in Problem 2b, G’ = g + Fg,anda = A + Fg. 


Whence 


G' FG’ . 
'“rz7 anda = A + t4 Ff B will be unchanged. 





Whence 


(2c) pH = B 


PK + log 77670 + 





Example 2c. In the same situation as in Example 28, instead of adding 
lactic acid, 20 wmoles (10 per ml. solution) of carbon dioxide are produced 
(e.g. as a result of alcoholic fermentation). 

Using the factor F, calculated in Example 26 and the same constants and 
substituting in equation 2c, we find pH = 7.05. Addition of carbon dioxide 
to the system thus has considerably less effect on pH than an equivalent 
addition of strong acid. 

In the absence of a second buffer, the retention is the same for carbon 


dioxide as for strong acid and does not affect values calculated with the usual 
Warburg constant. 
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Problem 2d. A solution containing a known concentration of bicarbonate is 
brought into equilibrium with a gas mixture containing a known percentage 
of carbon dioxide at one temperature, 7; (absolute), and then at another 
temperature, 72. What is the difference in pH at the two temperatures? 

Let pH; and pH: be the first and second pH values, piK and peK be the 
pK’ values at 7; and T> respectively, a; and a be the solubility coefficients 
for carbon dioxide at JT, and 72, V; and V2 be the vapor pressure of water at 
T, and 72, and C be the percentage of carbon dioxide in the gas mixture. 


(P — Vi) CX a 











pH: = pik + log B — log 790-760 x 22.4 x 1033 
: ’ (P — V2) C X Qe 
PH: = pK + log B — log 100-760 x 22.4 X 103 
whence 
ee (P — Vs) as 
(24) pH: — pH, = pK — pK + bog 7a: 


The effect of temperature on pH is independent of pH, bicarbonate con- 
centration, or carbon dioxide tension. 


Example 2d. What is the difference in pH at 38° and 25° of a Ringer- 
bicarbonate solution in equilibrium with a gas mixture containing a fixed 
percentage of carbon dioxide? 


At 38°, pK = 6.02, V = 50, anda@ = 0.53; at 25°, pK = 6.08, V = 24, 
and a = 0.74. Substituting in equation 2d and computing, 


pH, — pH, = 0.10. 


3. GENERAL CALCULATION FOR MIXED BUFFERS 


Problem 3. What is the pH of a solution obtained by mixing known concen- 
trations of two buffer solutions, the pK’ values of which are known? 

Let A;, B; and As, Bz be the concentrations of the acids and salts of the two 
buffers added to the medium, and a, b; and as, be. be the final concentrations 
at equilibrium. 


The equilibrium pH is given by 
pH = pK, + log * and pH = pK. + log *. 
1 2 
Subtracting and rearranging, log oi = pK, — pk.. 
142 


Let N = antilog (pK: — pKe) . 


Since pK, and pK: are known, N may be calculated. 


(3) Then — = N. 
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Since the sum of the acid and salt of each buffer and the sum of the concen- 
trations of the two salts are unchanged at equilibrium, 


bh =B, —d,hm=B+d,a=A,.—d,y=Ai+d. 
Substituting these values in equation 3, 


(Ai + d) (Bo +d) _ 
(Bi — d) (Az — d) - 





7. 
Multiplying out and rearranging in the usual form of a quadratic equation 


(1 — N)d? + (A, + B, + NA2 + NB,)d + (AiB, — NA2Bi) =O. 


All quantities between brackets are known. The equation is solved for 
d and then a; and } or az and db, may be obtained and the pH calculated 
from either buffer pair. 


4. MIXTURE OF BICARBONATE AND OTHER BUFFER 


When the bicarbonate buffer is one of the components of a two-buffer 
system, the problems of calculation are complicated by the fact that changes 
in bicarbonate involve three other changes, namely evolution (or absorption) 
of carbon dioxide, change in carbon dioxide tension (in a closed system), and 
effects on the ordinary buffer system. Further, in ordinary manometric 
technique, the manometer constant gives the carbon dioxide evolved plus 
that retained as a result of changing carbon dioxide tension but does not 
include the carbon dioxide retained as bicarbonate by the other buffer. 
Finally, the extent of the retention by the other buffer is different in the 
case of acid formation from that in the case of carbon dioxide formation. 


Problem 4a. <A solution is made up with known concentrations of the acid, 
A,, and salt, B,, of an ordinary buffer and of bicarbonate, Be, and is then 
brought into equilibrium with a gas mixture containing a known percentage 
of carbon dioxide giving a ‘‘carbonic acid’’ concentration Az (see Section 2). 
What are the resulting pH and the concentrations (a;, };, de, be) of the buffer 
salts and acids? 

Since the carbon dioxide tension is not affected by the extra buffer, a2 = Ao. 

Since the sum of acid and salt of the ordinary buffer, and the total salt 
is unchanged, 

a1=A,+d,h=B,-—-d,h =B+d. 


Substituting in equation 3 


(A; +d) (Br +a) _ 
(4a) <—— * 


This quadratic equation is solved for d, then a;, b;, and b. and the pH may 
be calculated. 





N. 
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Example 4a. To a Ringer-20 mM. phosphate solution made up with 
18 mM. NasHPO, and 2 mM. NaH2POQ,, sodium bicarbonate, 20 millimoles 
per liter, is added and the mixture is brought into equilibrium with 5% 
carbon dioxide at 38° and 760 mm. pressure. 

From equation 2, A, = 1.11. 

From the relevant pK’ values, N = antilog (6.80 — 6.00) = 6.31. 

Substituting in equation 4a and solving, d = 2.7 (or —31.7, impossible). 

Whence a; = 4.7, db; = 15.3, be = 22.7, and pH = 7.31. 

The pH of the phosphate buffered solution without bicarbonate and carbon 
dioxide would have been 7.75, and that of the bicarbonate—carbon dioxide 
system alone 7.28. 


Problem 4b. What is the pH of a solution containing a known concentration 
of ordinary buffer acid and salt, and no bicarbonate initially, after equilibra- 
tion with a gas mixture containing a known percentage of carbon dioxide at 
known temperature and pressure? 

Since By is zero, the equation given in the preceding problem becomes, 


(A. +d)d _ 
(4b) G- ha, 74 - 


Example 4b. The same Ringer—phosphate solution as above is brought into 
equilibrium with 5% carbon dioxide, under the same conditions but no 
bicarbonate is added. 

Substituting in (45) the same values as in the previous example and solving, 
d = 7.6and aq = 9.6, b} = 10.4, bo = 7.6, and the pH = 6.83. 

The presence of 5% carbon dioxide has thus caused the pH to drop from 
7.75 to 6.83. 


Problem 4c. A solution contains known concentrations of ordinary buffer 
acid, A;, and salt, B,, and bicarbonate, Bz, in the presence of a known carbon 
dioxide tension, in an enclosed space of known volume. A known concentra- 
tion, L, of strong acid is added. What is the resulting pH? What is the 
“acid retention”? That is, what is the ratio of carbon dioxide liberated as 
gas to the added acid? . 

(Note. As was shown in Problems 3 and 4a, A;, Bi, and B, would not be 
the same as those initially dissolved in the solution, unless the two buffer 
systems had the same initial pH.) 

The bicarbonate concentration is decreased by the portion of the total 
strong acid which reacts with bicarbonate yielding an amount g (micromoles 
per milliliter of solution) as gaseous carbon dioxide and an amount Fg as 
extra dissolved carbon dioxide (see Problem 26). That is, 


be = B, — (g + Fg). 
The carbon dioxide in solution is increased by Fg, that is, 


a2 = A, + Fg. 
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The salt of the ordinary buffer is decreased by the portion of the strong 
acid which does not react with bicarbonate, that is, 


b, = B, — (L — g — Fg). 
Since the sum of the acid and salt of the ordinary buffer remains constant, 
a4,=A,+B, —b = Ai t+ (L—g — Fg). 
Substituting these values in equation 3, 


(4,41 ~_- Fe - 5 - Fy 
(Bi — L + g + Fg) (Az + Fg) : 
After multiplying out and rearranging, the resulting quadratic equation is 


solved for g. The values of a; and }; or of a2 and d2 can then be obtained and 
the pH may be calculated. 


(4c) 





The per cent total retention is 100(L — G)/L. However, in manometric 
work the vessel constants are calculated to include the carbon dioxide which 
dissolves as a result of increasing carbon dioxide tension. The retention 
effect of the ordinary buffer on manometric results is given by the equation: 


=~ + ie 


L xX 100. 





Retention (manometric) = 


If the reaction occurs under constant carbon dioxide tension, as in an open 
vessel through which the gas mixture is continuously passed, Vg is virtually 
infinite and F becomes zero. The term Fg then disappears from equation 4c. 


Example 4c. A Warburg vessel of 17 ml. total volume received 2 ml. of 
the same solution as in Example 4a under the same conditions. During the 
experimental period 10 wmoles of lactic acid were produced per milliliter of 
solution. 

The initial concentrations, A;, B;, As, Bz. for this example, obtained as 
a, b;, As, bp in Example 4a, are A; = 4.7, By = 15.3, Ap = 1.11, Bz = 22.7, 
and N = 6.31. Asin Example 2), F = 0.08. 

*Substituting in equation 4c and solving, g = 6.36, whence az = 1.62, 
be = 15.84, a, = 7.84, db; = 12.16, pH = 6.99, the total retention is 36.4% 
and the retention (manometric) is 31.3%. 

If the reaction had occurred under constant carbon dioxide tension in an 
open vessel, calculation from equation 4c with F = 0 shows that the final 
concentrations and pH would have been, by = 14.5, a; = 6.5, b; = 13.5, 
and pH = 7.12. 


Problem 4d. The problem is the same as 4c except that the total amount of 
carbon dioxide liberated, G’ micromoles per milliliter of solution, is known and 
it is desired to know the final pH and the concentration, /, of acid which has 
been formed. 
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= 
i+F 
(4d;) and (4d;) ay = An + FG = A +72 and by = By - G' 


Let G = amount of carbon dioxide liberated as gas = (see Problem 2c) 


whence the pH may be directly calculated. 
As in the preceding problem, 


a =A,+ (—G— FG)=A,+1-G4 
b, = B, — (| — G — FG) = B, —-1+G4’. 


= 1 a B,-—!l+G’ _ 
Let Z = antilog (pH pK,), then ee pe , 
, _ ws Bi 2A. 
(4d3) Rearranging, / = G’ + Ts 


Example 4d. A Warburg manometer vessel of 17 ml. total volume received 
2 ml. of the solution described in Example 4a, under the same conditions. 
The solution contained a glycolyzing system and, at the end of the experi- 
mental period, the manometer reading multiplied by the usual constant 
indicated that 20 wmoles (i.e. G’ = 10) of carbon dioxide had been liberated. 

From Example 4a, the initial concentrations in this example are, A; = 4.7, 
B, = 15.3, Az = 1.11, By = 22.7. From Example 2), F = 0.08. 

Substituting in equations 4d; and 4d, we get, a, = 1.85, be = 12.7, and 
pH = 6.84. 

Z = antilog (6.84 — 6.80) = 1.10. Substituting in equation 4d; we find, 
1 (the strong acid formed) = 14.8 umoles per milliliter. 

The total retention is 38% and the retention (manometric) is 33%. 


Problem 4e. <A solution, containing known concentrations of acid, A;, and 
salt, B,, of an ordinary buffer and bicarbonate, Be, is contained in an enclosed 
space of known volume containing a known initial concentration of carbon 
dioxide. A certain amount of carbon dioxide, g’ wmoles per milliliter of solution, 
is added to the system. Knowing the pressure change and hence the amount 
of extra carbon dioxide present as gas, G wmoles per milliliter of solution, what 
is the final pH, and what was the total amount of carbon dioxide added? 

As in Problem 28, the final concentration of ‘‘carbonic acid”’, A’s, is given by, 


A's = Ao+ FG. 


Let d = the amount of the extra carbon dioxide neutralized by the ordinary 
buffer. Then, 


b, = B, — d. Asin Problem 4a, & = B,+d,a, = Ai+d. 
(Ai + d) (B. + d) 
(B, — d)A’s 

This quadratic equation is solved for d, the value for b,, and for a; and by, 
may then be obtained and the pH calculated. 





(4e;) Substituting in equation 3, =N. 


g’ = extra gaseous CO, + extra “carbonic acid’”’ + extra bicarbonate 


(4e2) = G+ FG + (h — B) =G+ FG+d. 
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Example 4e. A Warburg manometer vessel of 17 ml. total volume received 
2 ml. of the solution described in Example 4a under the same conditions. The 
solution contained a metabolizing system which liberated carbon dioxide. 
From the manometer readings multiplied by the usual constant in micromoles, 
the apparent carbon dioxide evolution was found to be 17 moles 
(8.5 per ml.). 


From Example 2), Az = 1.11 and F = 0.08. The apparent carbon 
8.5 


dioxide evolution = G + FG = 8.5, whence G = ta." 7.87. Then 
A’, = 1.74, and from Example 4a, A; = 4.7, B,; = 15.3, Bz = 22.7, N = 6.31. 

Substituting these values in equation 4e,; and solving, d = 1.5, and 
pH = 7.15. 


Total CO, evolution = apparent CO, evolution + d = G+ FG+d= 
10.0 wmoles per milliliter. 


Total CO, retention = woos X 100 = 21.3%. 


10.0 — 8.5 


CO, retention (manometric) = 10.0 — X 100 = 15.0%. 


In Example 4c it was shown that, when 10 wmoles of lactic acid per ml. 
was added under the same conditions, the retention (manometric) was 31%. 
The “‘CO, retention” in the presence of the phosphate is thus considerably 
smaller than the ‘‘acid retention’’. 

If the respiratory carbon dioxide evolution had been measured by the 
Dixon—Keilin method (2a) the correct result would have been obtained 
uncomplicated by retention since in this method the measurement is made 
after acidifying the medium out of the buffer range. But the two-vessel 
method of Warburg would be seriously affected by the presence of the second 
buffer. 


Problem 4f. In the same system as above but knowing the amount of carbon 
dioxide added to the system, G’, what are the final pH, the concentrations 
of the buffer salts, and the pressure change (manometer reading)? 


The same symbols as before are used except that G’, g, and ae replace g’, G, 
and A’, As in Problem 4e, 


a, = A; + d, dz = Ao + Fg, bd; = B, — d, bo = B, + d, 
and G’ = g + Fg +d, that is, d = G’ — g — Fg. 
Substituting these terms in equation 3, 


a (4: + G’ — g — FG) (Br + G' — g — Fx) 





aN. 


(B, — G’ + g + Fg) (Az + Fg) 


This quadratic equation is solved for g. The values for the concentrations of 
the buffer components can then be obtained and the pH calculated. Ina 
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Warburg apparatus with the carbon dioxide constant, K, calculated to give 
the result, including the extra carbon dioxide dissolved, in micromoles per 
millimeter pressure change, the reading in mm. would be (g + Fg) V;/K. 


Problem 4g. A solution contains known concentrations of ordinary buffer 
acid and salt, with bicarbonate, in presence of a known initial carbon dioxide 
tension in a closed vessel. Into the system known changes in the amounts of 
relatively strong acid and of carbon dioxide are introduced. What is the 
final pH and how much carbon dioxide is evolved? 

This problem may be solved by considering the carbon dioxide production 
and the acid change successively, according to Problems 4f and 4c. 


Example 4g. A Warburg vessel of 17 ml. total volume received 2 ml. of 
the same solution as in Example 4a under the same conditions. A decar- 
boxylation reaction then occurred in the medium whereby 10 ymoles of 
relatively strong acid disappeared per milliliter and 10 uwmoles of carbon 
dioxide were produced per milliliter. 

From Examples 4a and 2b, 

A, = 4.7, B; = 15.3, As = 1.11, By = 22. san 6. 

Considering the carbon dioxide change first. G’ = + 1 
Substituting in equation 4f and solving, we get g = 7.87 te a, = 6.2, 6, = 
13.8, ag = 1.74, bp = 24.2. 

Taking these figures for A;, B,, Az, and B, for the second part of the problem 
where L = — 10, substituting in equation 4c, and solving, we get g = —7.03, 
d2 = 1.18, bp = 31.8, and pH = 7.43. The original pH was 7.31 (Example 
4a). 

The resultant of the two effects on gaseous carbon dioxide, 7.87 — 7.03 
= 0.84, is the net amount of gaseous carbon dioxide change resulting from 
the two aspects of the reaction. The amount of gas liberated as determined 
by application of the usual manometric constant would be 0.84 (1 + F) = 
0.91 umoles per ml. 

If the original fiuid contained no other buffer than the bicarbonate system, 
calculation according to Problems 2c and 2b shows that the pH would change 
from 7.28 to 7.45 and there would be no net change of carbon dioxide in the 
gas phase. The carbon dioxide evolution is a consequence of the difference 
between “‘acid retention”’ and “‘CO, retention’”’ when a second buffer is present. 


- and F = 0.08 


Problem 4h. A solution contains known concentrations of the acid and salt 
of an ordinary buffer and of bicarbonate in equilibrium with a gas mixture 
containing a known percentage of carbon dioxide at a certain temperature. 
What would be the change in pH of this solution if equilibrated with the same 
gas mixture at a different temperature? 

The pH at the new temperature is obtained in the same way as in Problem 4a 
but using the appropriate values for pKi, pKe, vapor pressure, and carbon 
dioxide solubility coefficient. 
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Example 4h. A Warburg manometer vessel of 17 ml. total volume received 
2 ml. of the solution described in Example 4a and the vessel was filled with 
5% carbon dioxide. The solution contained a glycolyzing system, and, at the 
end of the experimental period at 38°, chemical analysis or manometric 
determination suitably corrected (Problem 4c) showed that 10 uwmoles of lactic 
acid per ml. had been formed. What pH would have been found if the 
solution had been tested at 25° with 5% carbon dioxide passing through it? 

Substituting the values for vapor pressure and solubility coefficient at 25° in 
equation 2, the “carbonic acid’’ concentration, Az, = 1.60. Applying the 
appropriate pK’ values for phosphate and bicarbonate at 25°, N = 5.5. 
From Example 4c the final concentrations in the Warburg vessel at 38° were 
A, = 7.84, B, = 12.16, Bz = 15.84. 

Substituting these values in equation 4a and solving for d, d = — 0.54, 
whence b, = 15.3 and pH = 7.04. 

The pH at 38° in the manometer vessel was 6.99 (Example 4c). Measuring 
the pH at the lower temperature in the presence of 5% carbon dioxide at 
atmospheric pressure has thus given a value of only 0.05 units different from 
that obtaining under the experimental conditions at 38° with extra carbon 
dioxide accumulated in the gas phase. As was shown in Example 4c, the pH 
of the solution at 38° but without the increased carbon dioxide tension would 
have been 7.12. Temperature alone, therefore, made a difference of 0.08 
units. As shown in Example 2d, the effect of the temperature change in the 
absence of the second buffer would be slightly larger, 0.1 unit. 
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FILTER PAPER ELECTROPHORESIS OF PURIFIED DIPHTHERIA 
TOXOID! 


By M. D. Povu.Lix 


Abstract 


When purified diphtheria toxoid was subjected to filter paper electrophoresis a 
separation was achieved under certain conditions. The Recouieting activity 
of the toxoid would appear to be localized in only one of the four fractions 
obtained. This fraction represented about one-third of the material used (0.05 
ml.), thus indicating the relative impurity of a highly purified material. 


Introduction 


Filter paper electrophoresis has proved useful in the separation and identi- 
fication of different protein components of human and other sera (1, 2, 6, 7, 14). 
The method has also been used to advantage in separating the protein fractions 
of CSF (13) and sugars (5). In this laboratory the method was employed in 
an attempt to investigate the purity of a highly concentrated diphtheria toxoid 
and some preliminary results are reported here. 


Experimental 

Method and Procedures 

The method used was basically that of Grassman, Hannig, and Knedel (4), 
in which filter paper was enclosed in a moist chamber and the electrophoresis 
performed at room temperature. In each experiment two strips of paper 
were subjected to the same conditions simultaneously and 0.05 ml. of diph- 
theria toxoid was used in each. The procedures by which the patterns were 
obtained depended mainly on variations of the current and for reasons of con- 
venience and clarity will be described under Results. The localization of the 
flocculating activity was achieved by a modified technique based on the 
method of Ouchterlony (11) and Elek (3) as used in the determination of the 
toxigenicity of C. diphtheriae in vitro. (More details will be found in relation 
to specific examples under Results.) 


Filter Paper 


The filter paper used throughout all experiments was Schleicher and Schull 
598, 32 cm. long and 3.5 cm. wide. 


Buffers 


Two buffers (barbituric acid — sodium barbiturate and Michaelis buffer (9) ) 
of pH 8.5-8.6 and of different ionic strengths ranging from 0.1—0.0125 were 
tested for suitability. The Michaelis buffer of pH 8.55 and of ionic strength 
0.05 proved to be the most suitable for producing and reproducing patterns 
described here. 


1 Manuscript received July 17, 1952. 
Contribution from the Department of Hygiene and Preventive Medicine, School of Hygiene, 
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Toxoid 

The purified diphtheria toxoid was prepared by a recent variant (8) of the 
method based on that of Moloney and Orr (10). It contained 2400 Lf per 
ml. and 0.6 gamma N per Lf. 


Results 


A separation of toxoid was obtained as can be seen from Fig. 1. The 
pattern was obtained by the following procedure. A current of 1.5 ma. was 
passed through two paper strips. After two hours the current was increased 
to 3 ma. and 11 hr. later the experiment was brought to an end. The strips 
were left to dry in air. Two spots could be seen, different in shape, and also 
to some extent in color, the sickle-shaped spot being pinkish-brown, and the 
oval one of yellowish color. The actual photograph was taken by illuminating 
the filter paper strips from behind and from the side, and using a blue filter to 
enhance the colors. In order to find out which of the two spots was the 
flocculating one, a modified technique based on the methods of Ouchterlony 
and Elek was used. A piece of filter paper having the same dimensions as 
the one on which the spots were localized (9 cm. X 3.5 cm.) and previously 
saturated with an antidiphtheric crude immune horse serum (600 flocculating 
units per ml.) was placed on the bottom of a rectangular shallow container, 
1.5% agar cooled to 48° C. was poured over the paper to form a layer of 
1 cm. in thickness and allowed to cool. The paper containing the separated 
material was carefully applied on the agar layer in such a way that both 
papers were exactly face to face. In this way a modification of Ouchterlony’s 
and Elek’s methods for antigen-antibody reaction in gels was set up. The 
container was incubated at 37° C. for 24hr. After this period of time a heavy 
flocculation line was formed under the part of the sickle-shaped spot indicating 
that the flocculating activity was localized there. The flocculation line did 
not change even after five days of incubation, nor could secondary lines be 
observed. 

The pattern of Fig. 1 suggested that further separation might be obtained, 
and thus further purification. When a current of 1.5 ma. was used for three 
hours and then increased to 5 ma. for another six hours, the pattern of Fig. 2 
was obtained. Three spots could be seen, the sickle-shaped one being localized 
in Section 8-12 (Fig. 2), the round one in Sections 13-14, and the oval one in 
Section 16. A fourth band could be seen by the naked eye on the line between 
Sections 17 and 18. The portion between 8 and 16 was cut off and used for 
the flocculation test in the same way as in the previous experiment, and the 
flocculating activity was shown by a heavy line of flocculation under the 
Section 13-14 indicating that the sickle-shaped spot of the previous experiment 
(Fig. 1) was a mixture of two components. The centimeter markings of the 
diagram, Fig. 2, correspond with those of the underlying ferrogram. The 
duplicate of the paper strip was cut into three sections (8-12, 13-14, 15-16) 
and each of them used separately for the flocculation test. Confirmation was 


obtained since the flocculation line was formed again only under the portion 
13-14. 
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Discussion 


An important factor in producing these patterns seems to be the application 
of low current for a short period of time followed by a much higher current. 
With buffers of low ionic strength the migration is too rapid (about 20 cm. in 
two hours), the patterns are too distorted, and the spots overlap. 

We found on applying the principle of the technique of Ouchterlony and 
Elek to filter paper chromatograms of the diphtheria toxoid and toxin (12) 
that even very small amounts of these substances (0.3-0.6 flocculating units 
per ml.) could be detected and therefore it was justifiable to use a modified 
technique to trace with some degree of exactness the distribution of the active 
material in the spots. 

The information gained from this study was that in a highly purified diph- 
theria toxoid only about one-third of the material shows the flocculating 
activity. From the immunological point of view this does not necessarily 
mean that only this fraction is antigenic. Studies in this line are in progress. 
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THE BLOOD COAGULATION MECHANISM OF FROGS, WITH 
RESPECT TO THE SPECIES SPECIFICITY OF THROMBO- 
PLASTIN, TO INTRACARDIAL THROMBIN INJECTION, 
AND TO THE EFFECT OF SEASONAL CHANGES! 


By JouNn J. Spitzer? AND Jupy A. SPITZER? 


Abstract 


1. The prothrombin time of frogs is much shorter using frog rather than rabbit 
thromboplastin in the determination. The contrary is true for dogs, rabbits, 
and rats. In guinea pigs there was no significant difference between the two 
kinds of thromboplastin. 2. The intracardial injection of thrombin in frogs 
induces a triphasic response regarding the whole blood coagulation time: 
(a) shortening, (6) prolongation, and (c) — towards the normal. The return 
is quicker than in the case of mammals. 3. The following seasonal changes 
were obtained in ‘“‘winter’’ frogs as compared to “‘summer”’ animals: (a) pro- 
longed clotting time, (b) increased prothrombin time, and (c) lessened effective- 
ness of intracardial thrombin solution. The clotting time with added thrombin 
was not changed. 


Introduction 


Almost all the materials playing a role in the coagulation of blood are 
proteins or other large molecular substances. This fact led to investigations 
to determine whether these substances were species specific or not. In the 
case of thromboplastin, birds and guinea pigs show some species specificity 
(8, 1) and in the present paper we are investigating the frog from this view- 
point. 

The effect of intravenous thrombin injection has been found (4, 9, 15, 2, 
14, 6, 3) to cause an intravital defibrination, fibrin being coagulated in the 
vessels of lungs, kidney, etc. This has been done in rabbits, dogs, rats, and 
cats. We have used frogs in similar experiments and attempted to draw 
conclusions regarding the im vivo action of thrombin. 

The effect of seasonal changes on the above-mentioned thrombin action, 
as well as on whole blood clotting time, on prothrombin time, and on clotting 
time with added thrombin, is also investigated. 


Materials and Methods 


In general, leopard frogs (Rana pipiens) were used in these experiments; 
a few bullfrogs (Rana catesbiana) were used also. They were divided into 
two groups: (1) animals purchased from Wisconsin during August and Sep- 
tember; and (2) during October and November. The former group will be 
referred to in this paper as ‘‘summer”’ animals, the latter as ‘‘winter’’ ones. 

Urethane was used as anesthetic; 0.6 cc. of a 20% solution was given per 
frog. The thrombin used (Parke Davis) was diluted with 0.6% sodium 
chloride solution. It was injected in 0.05-0.1 cc. volumes intracardially. 


1 Manuscript received April 10, 1952. 
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Blood coagulation time was measured with the capillary tube method. The 
blood was obtained by direct puncture of the heart (ventricle) with the capillary 
tube. The tip of the tube was drawn out over the flame of a Bunsen burner 
until it became fine enough for direct puncture. Coagulation time then was 
measured in the usual manner by breaking the tube at intervals and observing 
the first appearance of fibrin. Prothrombin time was determined by Quick’s 
one-stage method. Tests were conducted in a 37° water bath. Clotting time 
with added thrombin was measured by adding 0.1 cc. thrombin solution 
(100 International Units per cc.) to 0.1 cc. of plasma and determining the 
clotting time. 


Results 


1. Clotting Time and Seasonal Changes 
The average whole blood clotting time of ‘‘summer’”’ frogs was 60 sec., that 
of ‘‘winter” frogs was 156 sec. The increase is highly significant (Table I). 


TABLE I 


DIFFERENCES IN WHOLE BLOOD CLOTTING TIME BETWEEN “SUMMER” AND “‘WINTER’’ FROGS 











Number of Av. coag. time, Standard 

animals sec. error 

Summer 31 60 + 8.0 
Winter 26 156 +17.6 

















2. Thromboplastin 

As has been mentioned before, there is some species specificity regarding 
thromboplastin. Therefore the prothrombin values of the guinea pig or 
birds cannot be compared quantitatively with those of other animals. 

We found a similar phenomenon in the case of frogs. The prothrombin 
time of frog’s plasma using Difco thromboplastin (made from rabbit's brain) 
gave very long values. The average prothrombin time of nine ‘‘summer”’ 
frogs was 243 sec. When we used thromboplastin prepared from frogs’ 
brains by the method of Quick (7) (suspended in 0.6% saline), the average 
prothrombin time was 42 sec. based on 10 determinations in ‘“‘summer’”’ frogs. 
This difference in prothrombin time points to a certain degree of species 
specificity of the frog thromboplastin. 

In further experiments we used the thromboplastin made from frogs’ 
brains (diluted with 0.9% sodium chloride solution) for the determination of 
prothrombin times of various species. The results obtained this way are 
shown in Table II. 
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TABLE II 


PROTHROMBIN TIMES IN VARIOUS SPECIES USING RABBIT OR FROG THROMBOPLASTIN 














Frog thromboplastin Rabbit thromboplastin 
Av. pro- Av. pro- 
Animal No. of | thrombin | Standard | No.of | thrombin | Standard 
expts. times, error expts. times, error 
sec. sec. 
Do 6 63 +20.3 5 10 + 1.0 
Rabbit 5 71 +16.3 5 11 + 0.8 
Rat + 70 +20.0 4 15 £ 1.9 
Guinea pig 3 37 + 3.9 3 30 + 2.6 
Frog (‘‘summer’’) 10 42 + 6.4 9 243 +62.0 























The above table shows that the prothrombin time, using frog thrombo- 
plastin, is very long in rabbits, rats, and dogs (compared to rabbit thrombo- 
plastin). These increases are all significant. No significant difference was 
found in guinea pigs. Rabbit thromboplastin causes a much greater prolonga- 
tion of prothrombin time in frogs, than does frog thromboplastin in any other 
species. 


3. Prothrombin Time and Seasonal Changes 


The above prothrombin values for frogs were taken from ‘‘summer”’ animals. 
In ‘‘winter’’ frogs the prothrombin time was prolonged by about 50% (as 
compared to ‘‘summer”’ frogs), but this increase is just barely significant. 


4. In vivo Action of Thrombin 


Thrombin (0.05-0.1 cc. amounts of solutions containing 0.001-10.0 I.U. 
per cc.) was injected intracardially. These doses caused a characteristic 
triphasic response which consisted of (a) shortening, (6) prolonging, and 
(c) returning to the normal of the coagulation time (Fig. 1, Curve S). Part (a) 
of the response followed the injection of thrombin within one to five minutes 
and disappeared in a few minutes. The coagulation times dropped sharply 
from the normal values down to 10 sec. Part (b) of the response started 
about 5 to 30 min. after the injection of thrombin. The coagulation time 
returned towards the normal after approximating one-half to one and one-half 
hours (c). The prolonged coagulation time was usually 5-10 min. Sometimes 
it was so long that it was not possible to measure it. This threefold response 
was observed in 13 cases out of 15 ‘‘summer’”’ frogs used. 


5. In vivo Action of Thrombin and Seasonal Changes 


In “‘winter’’ animals the shortening part (a) of the response (described above) 
occurred in all 10 animals, but the prolongation part (0) occurred only in 5 cases 
out of 10. Even in these cases a large dose of thrombin solution was required; 
less thrombin than 10 International Units was not effective. 
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A typical example of these differences between ‘‘summer’’ and ‘‘winter”’ 
as well as control animals in which 0.6% sodium chloride solution was in- 
jected instead of thrombin) are to be seen in Fig. 1. From these experimental 
results it can be concluded that thrombin administered intracardially is much 


less effective in prolonging coagulation time in ‘winter’ frogs than in ‘‘summer’ 
animals. 
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Fic. 1. The effect of intracardial thrombin injection of the whole blood coagulation 
time. S = “summer”, W = “winter’’, C = control (no thrombin injected) animals. 


6. Clotting Time With Added Thrombin and Seasonal Changes 


There was no detectable change between clotting times with added thrombin 
of “‘summer”’ and “winter” animals. 


Discussion 


The prolonged coagulation time in “‘winter’’ frogs is in accordance with the 
experiments of Svihla, Bowman, and Ritenour (11, 12, 13), who found that 
the coagulation time of dormant ground squirrels and hamsters is prolonged. 
They suppose this change to be a part of a general adaptation to the dormant 
state. The prolongation of clotting time in ‘“‘winter’’ frogs is probably due to 
some alteration in the thrombin-fibrinogen reaction. The alteration must 
occur in vivo because the clotting time with added thrombin (an in vitro 
thrombin-fibrinogen reaction) is not involved, whereas the response to intra- 
cardial thrombin injection (an in vivo thrombin-fibrinogen reaction) is very 
much affected. The nature of this alteration is not yet established. Suoma- 
lainen and Harma’s experiments (10, 5) should be considered in this respect; 
they reported an increased number of mast cells (heparinocytes) in hibernating 
hedgehogs, possibly accompanied by an increased heparin production. Heparin 
on the other hand, abolishes the intravenous action of thrombin, as shown by 
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Tagnon (14). This could be an explanation also for the increased prothrombin 
time. Another possibility for the latter is a diminished prothrombin produc- 
tion in ‘‘winter’’ animals. 

When thrombin is given intravenously to mammals (4, 9, 15, 2, 14, 6, 3) the 
coagulation time is very much prolonged (up to an incoagulable phase) 
caused by intravascular clotting and by using up fibrinogen and prothrombin. 
This state returns towards the normal only after two, four, or six hours, 
supposedly because the regeneration of fibrinogen and prothrombin requires 
this time. In our experiments with “‘summer’’ frogs, this return took place 
within one-half to one hour in most of the cases (it took two hours in one case 
only). It is not very likely, that frogs, which have a much slower metabolism 
than mammalians, manufacture fibrinogen and prothrombin faster, in this 
particular case. Therefore, we suggest that in frogs there is a different mech- 
anism involved in this response. Possibly the presence of a storage of coagula- 
tion materials somewhere in the body. 
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THE RELATIVE BIOLOGICAL EFFECTIVENESS OF 200 KV. AND 
23.5 MEV. X RADIATION 


III. REGRESSION OF MOUSE TUMORS IN VIVO! 
By T. P. T1nG? anp H. E. Jouns® 


Abstract 


A substantial number of transplanted mouse tumors (adenocarcinoma EO771 
and sarcoma 37) were exposed to X radiation at 200 kv. and 23.5 Mev. Irradia- 
tion was confined entirely to the tumor. It was found that regression rate, as 
measured by the decrease in the total volume of the tumor, could be used as a 
measure of the effectiveness of a radiation. With this method the 23.5 Mev. 
radiation was found to be 0.83 times as effective as 200 kv. radiation. This may 
be due to the lower specific ionization of the electron tracks produced by the 
betatron radiation. Measurements of the lethal regression were also carried 
out in a smaller number of tumors using both types of radiation. The betatron 
radiation was found to be 0.85 times as effective as 200 kv. radiation, in agree- 
ment with the figure obtained using the regression rate. 


Recent advances in experimental radiobiology have made it possible to 
determine quantitatively the biological effectiveness of a number of ionizing 
radiations. While the experimental approaches of these investigations may 
differ in some respects, the main objectives have been the elucidation of the 
mechanism of radiobiological action or the clarification of some biological 
situation in radiotherapy. This present report, forming the third of this 
series, has been undertaken with these dual objectives, using regression of 
mouse adenocarcinoma EO771 and mouse sarcoma 37 as the indicator. 

Previous investigations on the lethal action in mouse tumors have indicated 
a greater effectiveness of radiations having higher specific ionization. Thus, 
in vitro experiments by Sugiura (9) seemed to indicate that 200 kv. X radiation 
is 50% more effective than the gamma radiations from radium. Similarly 
in vitro experiments with neutron radiation having an ion density of 300 ions 
per micron have shown that its effectiveness lies between two and three times 
that of the 200 kv. X radiation (1). Gray et al., by measuring the mean lethal 
doses of neutron and gamma radiation on the lethal regression of mouse 
carcinoma, concluded that a neutron radiation with an ion density of 1100 
ions per micron was 24 times as effective as the gamma radiation in the case of 
irradiation in vivo and 9.5 times with irradiation in vitro (6). Comparing 
these figures with those obtained by Sugiura, it would imply that the neutron 
radiation of this high ion density is about 16 times as effective as the 200 kv. 
X radiation in vivo and six times as effective in vitro. 
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The effects of ionizing radiations on malignant tissues are generally believed 
to be the result of direct effects producing the lethal action in the tumor 
cells and of indirect effects on the tumor bed, mediated by the surrounding 
blood vessels a’ d connective tissues. The relative importance of these two 
respective elements has been the subject of bitter controversy. Recent genetic 
studies have clearly demonstrated that, of the direct effects, injury inflicted on 
the chromosomes has more extensive effects for radiocurability. Thus, it is 
the degenerative mitosis following sterilization of potential dividing cells 
rather than the outright killing of cells that is mainly responsible for the 
eventual regression of a tumor after a large dose of radiation. However, this 
conclusion does not preclude the possibility that indirect effects still play a 
role of considerable importance in radiosensitivity. 

The difficulties involved in the evaluation of a radiation effect usually 
increases with the degree of complexity of the biological response. Thus, 
inhibition of growth is not only complicated by a number of biological and 
physical factors, but also is a phenomenon for which precise appraisal is 
difficult to achieve. However, as reported below, a judicious choice of biolo- 
gical material and experimental technique allows the use of simple external 
measurements and this apparently highly complex reaction can be placed 
on a reproducible, measurable basis. With this approach it has been found 
that the quantitative relationship between dose and effect can be assessed at a 
much lower dosage level than by conventional methods using lethal regres- 
sion as the criterion. 


Materials and Methods 
(a) Biological Technique 

The strains of tumor used for this study, mammary gland adenocarcinoma 
EO771 and sarcoma 37 were originally purchased from the Roscoe B. Jackson 
Memorial laboratory, Bar Harbor, Maine, and have been successively 
carried in our laboratory using as hosts Fi hybrid mice from C57 K C3H 
strains. By selecting healthy tissues from young vigorously growing tumors 
two to three weeks after transplantation, our successful ‘takes’ averaged over 
80% for a period of over a year and totaling more than 1500 transplantations. 
Though the percentage of ‘takes’ could be probably increased by increasing 
the size of the implants, it was found desirable to limit this to 1 mm.’ in order 
to obtain uniformity in growth and regularity in size. 

Subcutaneous implantations were made into the right axillary region of 
healthy hosts (average age two months) by means of the usual trocar method. 
This method was found to be much superior to the hypodermic needle method 
using saline suspension of tumor bits prepared by grinding. With the latter 
method the tumors often grew into multiple nodules and frequently they 
eventually became attached either to the underlying tissue or overlying 
skin or both. In contrast to this, in our experience the trocar method seldom 
produced any of these undesirable features and always yielded a large fraction 
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of tumors within the predicted range of size. Moreover, most of these tumors 
were spherical and relatively mobile and this made possible adequate protection 
of the host against radiation. 

The tumors were usually palpable within five to seven days after trans- 
plantation. Growth was followed by measuring the three axes of the tumor 
with a caliper. From these dimensions the volume was calculated. The 
first measurement was usually made one day prior to irradiation. In the 
negative ‘takes’, the animals were kept for observation for a period of about 
three weeks before another transplantation was attempted. About two- 
thirds of the tumors grew to a size suitable for the holders used in irradiation. 
The remaining one-third of the tumors were kept as controls, and their growth 
was recorded simultaneously with that of the irradiated tumors. There was 
therefore greater variation in size of individual tumors in the control series 
but this was compensated by the much larger number of tumors. The 
average size at the time of irradiation was the same for both groups. Measure- 
ments were carried out for at least three weeks after irradiation, unless ulcer- 
ation, infection, or death occurred. 


(b) Radiological Technic 

The radiological technic was aimed primarily to provide uniformity in 
dosage distribution throughout the entire tumor volume without irradiation 
of the host. The desirability of confining the irradiation almost entirely to 
the tumor was obvious and was made feasible by selecting only those sub- 
cutaneous tumors which met certain qualifications already described and by 
using a special type of container for holding the tumor-bearing mice during 
irradiation. These containers, which were kindly suggested to us by Dr. 
Anna Goldfeder of New York University, were made with 1/16 in. lead sheet 
lined with a thin layer of aluminum and measured 1 in. inside diameter, 4 in. 
in length. At the center of each holder, a rectangular window 1 in. long and 
1/2 in. wide was cut in order to allow the tumor to project outside the tube. 
Two collars of 1/16 in. lead sheet measuring 1 in. wide were made to slide on 
the cylindrical surface of the tube and served to pinch the tumor off near its 
base severing it from the host. These lead collars were held in place by means 
of heavy elastic bands. With this arrangement, it was possible to immobilize 
the tumor during irradiation and to ensure maximum protection to the host. 
This last statement was supported by the fact that no detectable changes 
in blood picture were found even in animals receiving as high a tumor dose as 
24,000 roentgens. 

For irradiation with 200 kv. X radiation, 16 of the lead containers described 
above were arranged in two trays about 30 cm. from the focal spot of the 
X-ray tube. The two trays were stacked together in such a way that the 
tumors on the lower tray were not shielded by the upper tray. These trays 
were placed on a circular platform and rotated about the axis of the beam 
during irradiation. With this arrangement, the dosage rate received by the 
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tumors on the top tray was somewhat higher than that obtained on the lower 
tray, being 64.0 and 49.4 r. respectively with a filter of 0.5 mm. Cu + 0.5 
mm. Al. Doses were measured with a 100 r. Victoreen Chamber. 

Some difficulties were encountered in radiating mouse tumors with the 
betatron because of the exceedingly high penetrating power of this radiation. 
However, this was accomplished by mounting eight of the cylindrical con- 
tainers holding the tumors on a wheel with the axis of these containers parallel 
to the axis of rotation and parallel to the direction of the beam. The tumors 
were all placed towards the center of the wheel so that they were inside a 
circular field 6.0 cm. in diameter while the bodies of the tumor-bearing mice 
remained outside the field. Collimation of the betatron beam to a field of the 
above size was made possible by using a lead plug 18 cm. thick with a tapered 
hole at its center, thus confining the beam to a field of 6.0 cm. at a distance 
of 63 cm. from the focal spot. The beam of radiation reached to the base of 
the tumors. A compensating filter was used to yield a flat distribution of 
radiation as described previously (7). Owing to the peculiar nature of the 
depth dose characteristics, uniformity of dose within the tumor was improved 
by filling the center of the mounting wheel with wax in between the tumors, 
thus reducing the variation in dose to within 10%. With the mounting wheel 
in rotation, all the tumors received exactly the same dose. The dosage rate 
at the tumors was about 200 r. per minute and was measured with a 100 r. 
Victoreen chamber, the sensitive part of which was embedded in a block of 
wax. Calibration was carried out with the wheel in rotation. 

(c) Method of Evaluation 

The measurements of tumor size were made twice weekly following exposure 
to single massive doses of either type of radiation. Three perpendicular axes 
of the tumor were measured and the volume calculated in mm.* The volume 
of the tumor was plotted against time in days after irradiation on semi- 
logarithmic paper and the value of the growth constant k obtained graphically 
by a method described elsewhere (10). In a typical experiment, about 40 
animals were used and these were divided into five groups: Group I, consisting 
of 8-12 animals, was the control; Group II, Group III, Group IV, and Group V, 
each consisting of six to eight animals were irradiated respectively with 
2000, 4000, 6000, and 8000 r. The value of k, the growth constant, in each 
particular group was averaged for all the experiments and from this value, the 
regression index, K = (ky — k)/ko, was calculated for each dose, where ko 
was the growth constant of the control. Thus a relationship between the 
regression index K and the dose was obtained. This permitted the com- 
parison of the effectiveness of two radiations by noting their respective dosage 
values at a chosen value of K. Those tumors which disappeared and were no 
longer measurable over a period of three weeks were recorded as having 
“lethally regressed’’. 

As evidence in justification of the use of the above method, lethal regression 
of both types of tumors was followed in a number of experiments where large 
multiple doses were used. Each group of tumors received the same weekly 
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dose, ranging from 2000 to 8000 7, until the tumor showed definite signs of 
lethal regression as judged by an initial reduction in size of the tumor followed 
by its complete disappearance. The accumulated dose was taken as the sum 
of all single weekly doses. Evaluation of the relative effectiveness was 
achieved by comparing the respective mean doses required for lethal regression. 
It might be pointed out that attempts to carry out precise external measure- 
ments in this series of experiments were beset with considerable difficulties 
owing to the increasing incidence of necrotic tissue with increase in the 
accumulated dose. These irregularities in growth made the precise evaluation 
of the growth constant k exceedingly difficult. 


Results 


(a) Growth Characteristics of Control Tumors 


As seen from Fig. 1, the growth constant ko shows little variation with size 
during the first two weeks after transplantation. This desirable feature is 
believed to be made possible by a combination of the careful selection of active 
profusely growing tissue for implants and the limitation of their size. Sporadic 
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Fic. 1. Growth curve of mouse adenocarcinoma EO771. Based on average of 35 
tumors in hybrids (C57 X C3H) of mixed sexes. Numbers on curve indicate the per- 
centage of mice surviving. The linear portion of the curve fits the growth function, 
log V — log Vo = kot, where V = volume of tumor in mm.? at time ¢, Ve = value of V 
initially transplanted, k = the growth constant, ¢ = time in days after transplantation 
k = 0.260. 
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growths as observed by some authors are probably inherent in the hypodermic 
needle method. Other irregularities which might change the growth constant 
may be attributed to a difference in access to nutrients of the individual cells 
in the tissue during the adaptation period following inoculation. Conceivably, 
this effect would be more pronounced with increase in size of the tumor 
implants. Referring to the growth curve in Fig. 1, the slow decline of the 
growth constant after the average size has reached 5 cm.’ has been identified 
morphologically as due to the increasing incidence of cavity formation, 
necrosis, and peripheral ulceration. It might be noted that such phenomena 
were usually accompanied by high mortality in the tumor-bearing animals. 
Thus, if the experiment is confined to the linear portion of the growth curve 
where the tumor requires on the average a little over a day to double its size, 
the growth rate is seen to be remarkably constant. 


(b) Comparison of the Effectiveness of the Two Qualities of X radiation with 
Single Massive Doses 

Fig. 2 shows the effect of 23.5 Mev. X radiation on different groups receiving 

different single doses. For easier comprehension the initial size of the tumor 
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Fic. 2. Regression of mouse tumors EO771 after exposure to single doses of 23.5 
Mev. unfiltered X radiation. Average size of tumors initially 100 mm.* Each group 
consisted of 20 animals. 
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in each group is made to coincide with the average value of all five groups 
including the control. Actually, as in common with all the experiments 
to be reported, the average initial size of tumor varied somewhat with each 
group and the value thereafter was expressed in percentage of the initial size. 
It can be seen that the growth constant for each group was quite consistent 
after irradiation and that there is an apparent functional relationship between 
the value of k and the dose administered. The departures from linearity, 
which started at different intervals after irradiation for different groups, as 
noted earlier are characteristic of the irregularities in later growth. In the case 
of those tumors which had undergone slight regression, they are indicative of 
resumption of growth, due to the escape from radiation injury, of a few cells 
which maintain their proliferative activity. While the mortality of the mice 
bearing irradiated tumors did decrease appreciably with the dose, that of the 
2000 r. group was only slightly lower than that of the control group. 

The effectiveness of the 200 kv. X radiation filtered with 0.5 mm. Cu + 
0.5 mm. AI is illustrated in Fig. 3. The decrease in the value of the slope k 
with dose is seen to be at a higher rate and the onset of irregularities is some- 
what later than in the preceding case. Apart from these differences in growth 
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Fic. 3. Regression of mouse tumors EO771 after exposure to single dose of 200 kv. 
X radiation. Radiation filtered with0O.5 mm. Cu +0.5mm.Al. Average size of tumors 
initially 100 mm.* Each group consisted of 20 animals. 
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characteristics, the percentage mortality of the corresponding groups of tumor- 
bearing animals appeared to be quite comparable with that observed in the 
groups receiving a similar dose of betatron radiation. Though the average 
size of the tumor in this series is somewhat larger than in Fig. 2, no significance 
is attached to this difference since the average initial size is still well within 
the range for which the logarithmic function of growth still holds. 

The results of all experiments with single doses mentioned above are sum- 
marized in Table I. The data in each group consisted of the average record- 
ings of 10 different experiments. The number of control tumors, which 
is not included in the table, was roughly 50% higher than that in each irradi- 
ated group and from the growth curve of these control tumors, the growth 


TABLE I 


COMPARISON OF LETHAL EFFECTS PRODUCED BY 23.5 MEv. AND 200 Kv. X RADIATION IN 
TRANSPLANTED MOUSE MAMMARY GLAND ADENOCARCINOMA EOQ77!. SizE OF TUMORS AT 
THE TIME OF IRRADIATION VARIED BETWEEN 80-190 MM.*, WITH Aiv AVERAGE OF 130 mm.? 























Radiation Dose in r. | No. of mice N ooen — — 
23.5 Mev. 2000 60 None 0.63 
Unfiltered 4000 58 = 0.86 
X radiation 6000 59 3 1.02 
8000 57 5 1.11 
200 kv. 2000 57 None 0.69 
X radiation 4000 57 1 0.94 
Filter: 0.5 mm. 6000 55 3 1.10 
Cu + 0.3 mm. Al 8000 58 6 1.21 
23.5 Mev. a = 5930 + 86 b, = 2.40 + 0.12 
200 kv. @ = 4840 + 35 be = 2.43 + .17 
n = 2 = 0.815 + 0.015 





constant kp is calculated. The average value of k is similarly obtained thus 
permitting the evaluation of the regression index K for each group. These 
values of K are given in the last column. Though the retardation of growth 
usually began with the first day after treatment, owing to the possibility of 
edema formation, the first observation was made on the second or third day 
after irradiation. As seen in Column 4, the fraction of tumors lethally 
regressed on the 30th day was quite small and even at the highest dose of 
8000 r., this fraction is only in the neighborhood of 10%. If the regression 
index K (Table I) is plotted against the dose in roentgens on log-log paper, a 
straight line relationship is obtained, indicating that the relation between 
K and dose D is given by: 


D = aK’. 
The best fit values for a and b and their standard error obtained by the method 
Since the two values of b, 


of least squares are given at the bottom of Table I. 
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agree with one another well within their standard errors we may assume that 
they are the same. The relative efficiency of the 23.5 Mev. radiation with 
reference to the 200 kv. radiation is given by 

ie Dz Sot ack" _ 


‘“7* a =e oe 





Because 5; and bs are the same, the value of 7 is independent of the value of 
regression index K at which the doses are compared. In Fig. 4 the regression 
index K is plotted against dose and 7 is evaluated at K = 1.0. 
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Fic. 4. Relative effectiveness of 23.5 Mev. and 200 kv. X radiation in the regression 
of mouse tumor EO771. With 200 kv. X radiation a filter of 0.5 mm. Cu + 0.5 mm. Al 
ko —k 


was used. K = ; . Average tumor size = 130 mm.’ 
0 


(c) Dependence of the Value of Conversion Factor, n, on the Tumor Size and 
the Filter Used with the 200 kv. X radiation 

Comparison of the relative effectiveness of the two qualities of radiation 
was extended to tumors of larger size at the time of irradiation. The volurne 
of these was from 1500 to 2500 mm.’ The results are tabulated in Table II. 
It is seen that while the values of K calculated at different doses of the 23.5 
Mev. radiation were quite close to those that obtained previously using a 
smaller tumor, the values for the 200 kv. radiation were definitely lower. 
Evaluation of ao by curve-fitting shows that it has increased from 4800 to 
5400 and consequently raised the conversion factor to 0.90. This apparent 
decrease in the effectiveness of 200 kv. radiation is due to the fact that with a 
large tumor it is impossible to obtain a uniform distribution of dose throughout 
the entire tumor from a single field of 200 kv. radiation. The base of the 
tumor definitely receives a considerably smaller dose than the center of the 
tumor. For 200 kv. radiation (filter — 0.5 mm. Cu + 0.5 mm. Al, H.V.L. 
1.0 mm. Cu) the percentage depth doses for depths of 1 and 2 cm. are 94% 
and 82%, respectively. 
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TABLE II 


COMPARISON OF LETHAL EFFECTS PRODUCED IN MOUSE MAMMARY GLAND ADENOCARCINOMA 
EO771 sy 23.5 MEv. AND 200 Kv. X RADIATION WITH TWO DIFFERENT FILTERS. SIZE OF 
THE TUMORS AT THE TIME OF IRRADIATION VARIED FROM 1500 To 2500 MM.* WITH AN 

AVERAGE OF 1800 mm.® 











Radiation Dose in r. | No. of mice ghee yd ne 

23.5 Mev. 2000 15 None 0.64 
X radiation 4000 16 - 0.85 
6000 15 1 1.01 

8000 16 1 me 

200 kv. 2000 14 None 0.67 
X radiation 4000 16 - 0.90 
Filter: 0.5 mm. 6000 15 ” 1.05 
Cu + 0.5 mm. Al 8000 16 1 1.18 
200 kv. 2000 24 None 0.60 
X radiation 4000 23 55 0.80 
Filter: 0.25 mm. 6000 21 - 0.93 
Cu + 0.5 mm. Al 8000 22 - 1.04 

















In order to throw more light on the above observation it was decided to 
repeat the above experiments with large tumors using softer 200 kv. radiation 
(filter 0.25 mm. Cu. + 0.5 mm. Al, H.V.L. 0.72 mm. Cu). The percentage 
depth doses for depths of 1 and 2 cm. now became 92% and 78%. The results 
are tabulated in the lower part of Table II where are observed even smaller 
values for the regression index. This gives further support to the above 
interpretation. 

An illustration of the dependence of three regression indices on the tumor 
size and the quality of the 200 kv. radiation is shown in Fig. 5 for a dose of 
8000 r. The slight difference between the two betatron experiments is not 
considered significant. For these reasons only the results obtained with small 
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Fie. 5. The variation of the reduction in growth rate (K) with initial tumor size and 
different qualities of X radiation. 
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tumors in Table I were used to estimate the relative effectiveness of the two 
types of radiation. The value of the conversion factor, 7, was found to be 
0.815 with a standard error of .015. 


(d) Comparison of the Effectiveness of the Two Qualities of Radiation with 
Multiple Doses 

Owing to limitations in the time that the two types of generating equipment 
were available, it was decided to attain a higher range by the administration 
of a repeated dose at weekly intervals, instead of using a single dose of sufficient 
magnitude. Although an accumulated dose is less effective than a single dose 
of similar magnitude, it was thought that the multiple-dose technic might 
afford a better opportunity to assess the full effect of a given dose following 
the latent period. 

The results of all experiments on adenocarcinoma with the 23.5 Mev. 
X radiation are summarized in Table III and those obtained with 200 kv. 


TABLE III 


LETHAL EFFECT IN TRANSPLANTED MOUSE TUMORS EQ771 PRODUCED BY REPEATED EXPOSURES 
23.5 MEv. X RADIATION 














Initial size of Dose in roentgens Number of tumors —_— 
tumor in mm.’ - ae” 
(av.) Individual |Accumulated| Regression* | Survived . 
820 2000 10,000 2 10 83 
600 4000 4000 0 16 100 
= 8000 1 15 93 
” 12,000 5(1) 10 67 
si 16,000 10 5 33 
sp 20,000 14 1 6.7 
440 6000 6000 1 17 94 
3 12,000 6(3) 9 60 
wi 18,000 12(1) 2 14 
620 8000 8000 2 16 89 
" 16,000 12(2) 4 25 




















* Accumulated number of tumors regressed lethally. Numbers in parentheses indicate the 
number of tumor-bearing mice whose death was not due to the growth of the tumor. 


X radiation filtered with 0.5 mm. Cu + 0.5mm. Alin Table IV. Ina typical 
series of experiments the animals were irradiated once a week in four groups 
receiving 2000, 4000, 6000, and 8000 r. respectively at each treatment until 
regression occurred. Actually, if the tumors did not show any definite signs 
of regression within one week following irradiation, they seldom did so even 
though the observation period was extended to several weeks. On the other 
hand in tumors where conspicuous regression followed the irradiation, lethal 
regression invariably occurred. It is also to be noted that the number of 
regressed tumors indicated in the tables was an accumulated one. Thus, 
referring to Table III, the group receiving the third dose of the 4000 r. series 
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TABLE IV 


LETHAL EFFECT IN TRANSPLANTED MOUSE TUMORS EO771 PRODUCED BY REPEATED EXPOSURE 
To 200 Kv. X RADIATION FILTERED WITH 0.5 mm. Cu + 0.5 Mm. AL 














Initial size of Dose in roentgens Number of tumors P 
tumor in mm. oe 
(av.) Individual |Accumulated| Regressed* Survived ee 
320 2000 10,000 3 9 75 
260 4000 4000 1 18 95 
as 8000 2 17 90 
- 12 ,000 9(2) 8 47 
- 16,000 13(2) 2 13 
- 20 ,000 15 0 0 
370 6000 6000 1 16 94 
” 12,000 9(2) 6 40 
” 18,000 14 1 6.7 
580 8000 8000 2 16 89 
16,000 16 2 11 




















* Accumulated numbers of tumors regressed lethally. Numbers in parentheses indicate the 
number of tumor-bearing mice whose death was not due to the growth of the tumor. 


actually had only four regressed. Addition of this number to the one already 
regressed after the second dose makes up five. Attention may also be called 
to those figures in parentheses, denoting the number of animals which died in 
the course of observation from causes other than the growth of tumors. This 
number is excluded in the estimation of the survival fraction which is given in 
the last column of these tables. Comparing the results in the two tables, it 
is seen that the percentage survival of tumors is significantly higher among 
the betatron treated tumors than among those treated with the 200 kv. 
X radiation. Similar results for a more radiosensitive tumor, sarcoma 37, 
are given in Table V. 
TABLE V 


COMPARISON OF THE BIOLOGICAL EFFECTIVENESS OF 200 Kv. AND 23.5 MEv. X RADIATION. 
IN PRODUCING LETHAL REGRESSION OF MOUSE SARCOMA 37 




















No. of 
b pe no. inenaine Percentage 
of tumors survival 
regressed 
200 kv. Control 84 0 100 
2000 r. 35 12 66 
4000 r. 2 35 28 20 
6000 r. 35 33 ee 
8000 r. 35 34 2.9 
23.5 Mev. Control 85 0 100 
2000 r. 35 5 86 
4000 r. 35 27 24 
6000 r. 35 32 8.6 
8000 r. 35 34 2.9 
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The data presented in Tables III, IV, and V have been analyzed by the 
method described by Bliss (2) and Fisher and Yates (4). In this method 
the sigmoid survival curve is converted into a straight line by plotting the 
probit corresponding to a given percentage survival against the logarithm of 
the dose. The provisional straight line obtained in this way is used to 
determine the weight which should be given each point and the method of 
least squares is then used to obtain an estimate of the mean lethal dose and 
the standard error in it. Corresponding betatron and 200 kv. series are 
compared in Table VI. From corresponding sets of data the efficiency, 7, 
is determined with its standard error. In Group I the 4000 r, series are com- 
pared; in Group II the 6000 r. series; and in Group III all the results are 
compared making no allowance for the fact that the doses are fractionated in 
different ways. This method is certainly open to criticism but since the 
fractionation in the betatron and 200 kv. series were identical and since we 
are interested in a comparison only, the value of 7 determined in this way 
probably has some significance. In group IV the results of single massive 
doses on mouse sarcoma 37 are compared. The average value of 7 with its 
standard error was obtained by averaging the four values of 9 for groups I 
and IV and weighting them inversely as the square of their standard deviations, 














TABLE VI 
SUMMARY OF RESULTS 
Mean lethal dose Slope of Degrees 
Group Description and standard n probit log x? of P 
deviation dose curve freedom 
I Betatron 4000 r. series 13,500 + 700 7.70 1.48 2 3 
Tumor EO771, Table III 
.85 + .07 
200 kv., 4000 r. series 11,400 + 700 8.16 47 3 2 
Tumor EO771, Table IV 
Il Betatron 6000 r. series 12,320 + 1000 5.69 .60 1 oS 
Tumor E0771, Table III 
.87 + .11 
200 kv., 6000 r. series 10,700 + 1000 6.37 .06 1 8 
Tumor EO771, Table III 
Ill Betatron all results 13,200 + 500 7.15 71 4 9 
Tumor EO771, Table III 
87 + .05 
200 kv. all results 11,500 + 400 8.30 60 4 9 
Tumor EO771, Table IV 
IV Betatron single dose 3100 + 200 5.09 1.0 2 .6 
Mouse sarcoma 37, Table V 
-81 + .08 
200 kv. single dose 2500 + 200 4.07 .08 2 9 
Mouse sarcoma 37, Table V 


























Note: Mean value for n = 0.855 + V.035. 
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This value of 7, 0.855, should be compared with the value 0.815 obtained 
using the regression index. The mean of these is 0.83. The results for the 
4000 r. series on adenocarcinoma EQ771 and for the mouse sarcoma 37 are 
presented graphically in Fig. 6. 
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Fic. 6. Comparison of survival curves in mouse mammary adenocarcinoma EO771 
and sarcoma 37 in vivo produced by accumulated doses of 23.5 Mev. and 200 kv. X 
radiation. O—betatron radiation; @—200 kv. radiation filtered with 0.5mm. Cu + 

5 mm. Al. For sarcoma 37, radiation given in a single dose; for adenocarcinoma 
E0771, radiation given in weekly doses of 4000 r. until radiation is that shown. 


Discussion 


As in the preceding papers of this series, the main purpose of this study 
was to evaluate the relative effectiveness of the 23.5 Mev. X radiation from 
the biological standpoint. While there is some general agreement among the 
values obtained for the relative effectiveness of the betatron radiation in that 
all values are significantly less than unity, it should not be implied that 
identical interpretations can be applied to each case in view of the broad 
differences regarding the nature of the criteria used. Thus, the result obtained 
with yeast (11) may be relevantly ascribed to an increase of radiosensitivity 
with specific ionization at the cellular level; the effect on leucopenia (12) may 
be due to a difference in energy absorption within the mouse myelopoietic 
marrow; the effect on tumor growth, as in common with other phenomena 
associated with tissue-in-bulk, represents the cumulative action produced by 
the ionizing radiation in tumor cells and tumor bed. 

In the determination of growth rate by external measurements, the question 
arises whether any change in tumor size can be accounted for by a proportional 
difference in mitotic activity or some other factors unrelated to this 
basic growth characteristic. An example of this latter category is the often 
reported increase in tumor size during the first day after irradiation. This 
phenomenon may be due to an edema resulting from the accumulation of 
tissue fluid in the intercellular space or in an intracellular swelling caused by 
a shift ‘of ionic equilibria across the cell boundary. Transparent chamber 
studies, (8) have also revealed a number of indirect effects involving the blood 
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vessels. Despite these apparent complications, there is some evidence that in 
actively proliferating tissues at least, growth does reflect the extent of mitotic 
activities and a definite decrease in mitotic index always follows irradiation (5). 

One natural explanation for the observed difference in biological effective- 
ness is the difference in specific ionization of the two qualities of X radiation. 
The mean specific ionization (3) for betatron radiation is 6.2 compared with 
55 for 200 kv. radiation. Thus with a 10-fold difference in specific ionization 
between the two qualities of radiation, we have found a value of 0.83 for the 
conversion factor, 7. If the estimated value of 0.67, as obtained by Sugiura 
(9), who used a sevenfold difference in specific ionization, is real and the 
increase in effectiveness is entirely due to increase in specific ionization, then 
one should expect the value of 7 in our experiments to fall below 0.67. How- 
ever, comparison of these results is not justified in view of the great difference 
in the nature of the two experiments. Sugiurz, and others in similar experi- 
ments with neutrons (1, 6), irradiated isolated fragments of cancer tissue 
and hence there were none of the complications resulting from indirect effects 
which occur in vivo. 

Consideration of the actual experimental conditions under which our 
observations were made furnishes additional evidence to elucidate the above 
situation. Ifa decrease in energy absorption in tissue is a determining factor, 
then the effectiveness of a radiation may be further decreased by either an 
increase in tissue size or a change to a lighter filter. Such a prediction has 
been amply verified in these experiments. Under such conditions, the effect 
produced at any site beneath the tissue surface is related to the depth dose. 
Since our evaluation of the conversion factor, 7, is based on the over-all 
effect on the irradiated tissue, it is conceivable that a value obtained in this 
way would be appreciably lower than that for a small piece of tissue confined 
to the surface. It is this latter situation that approximates the conditions 
existing in im vitro experiments. 

It is of interest that the value found for the relative effectiveness of the 
betatron radiation in causing leucopenia in mice (12) was 0.6. If this be 
taken as the tolerance ratio for the two qualities of radiation under comparison, 
and keeping in mind that this value is much lower than that obtained for 
tumor regression, it becomes apparent that the effective dose received by the 
mouse tumor per unit tolerance dose with the betatron radiation is higher than 
one can obtain with the conventional 200 kv. X radiation. The value of this 
gain is numerically equal to the ratio ./, where 9; , n: denote the value of 
n obtained respectively with tumor regression and leucopenia as the test 
reaction. 

The agreement of the two values of 7, obtained by using regression index 
and lethal regression as criteria, is remarkable in view of the absence of corre- 
lation between radiosensitivity and radiocurability. Regression in growth 
reflects only the fraction of cells affected lethally, lethal regression does not 
occur until all cells in the same tissue meet the same fate. Such a result is 
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sufficient to demonstrate that the regression index as applied to the assessment 
of a radiation effect has at least the same merit as the lethal regression which 
can only be attained at a higher dosage range. 

Attempts to elucidate the mechanism of radiobiological action at the cellular 
level with tissue-in-bulk have so far met with little success. This is largely 
due to the fact that the activities of the cells, not being free, are at the mercy 
of their neighbors as well as the environmental conditions. Apart from the 
onset of degenerative mitosis, a cell may be destroyed by the direct action of 
ionization in any cell component as well as by a number of factors indirectly 
produced by radiation. Though quantitative histological examination with 
serial biopsies have given fruitful correlation with clinical findings, it appears 
that to obtain more information relating to the mode of biological action, 
physiological studies on the growth and metabolic activities of isolated cells 
offer greater prospects of success. 


Conclusions 


1. The effectiveness of the 23.5 Mev. X radiation has been compared with 
that of 200 kv. X radiation with a 0.5 mm. Cu + 0.5 mm. Al filter, using 
regression in mouse adenocarcinoma EO771 and mouse sarcoma 37 as biological 
indicators. 

The applicability of the regression index as a criterion for measuring the 
effectiveness of a radiation has been fully demonstrated. 

3. The results of these experiments are in general agreement with those 
obtained earlier in this series with other biological indicators and indicate that 
the betatron radiation is less effective by a factor of 0.83. 

4. The decreased effectiveness of the betatron radiation may be due to its 
lower specific ionization. 
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NOTE 





A Note on the Appearance of an Ultraviolet Absorption Maximum 
Due to Nitrite in the Medium During Growth of a Bacterial 
Culture* 


During studies of bacterial pyrimidine metabolism we have had occasion 
to examine the ultraviolet absorption spectra of the supernatants obtained 
by centrifuging aliquots of the bacterial cultures (Escherichia coli) at various 
times after inoculation, using the culture medium described by Lederberg (1) 
which contains the inorganic cations sodium, potassium, magnesium, and 
ammonium, the anions chloride, nitrate, sulphate, and phosphate, together 
with glucose and asparagine. It was noted that an absorption maximum 
regularly appeared in the vicinity of 3550 A during growth of the bacteria 
(Fig. 1) and it has been possible to identify the substance responsible for this 
absorption. 

Investigation of the effect of the pH of the medium on the shape of the 
absorption maximum suggested that the substance in question was the salt of 
a weak acid. It was also found that on acidification to about pH 2 the single 
absorption maximum broke up into a number of narrow absorption bands and 
that the material could then be extracted with ether, in which the peaks were 
particularly sharp. 

The compound could be adsorbed on an anion-exchange column (Dowex 1— 
chloride form) and re-eluted with 0.5 M sodium chloride. By this means it 
was possible to concentrate the compound and it was finally identified as a 


TABLE I 


COMPARISON OF SUPPOSED NITRITE WITH AUTHENTIC NITRITE 








Compound from culture , 








medium 
Conditions 
Wave-length Relative Wave length Relative 
of maximum, height** of maximum, height** 
of maximum . of maximum 
Aqueous solution pH 7.0 3550 — 3550 -~ 
Aqueous solution pH 1.0 3470 — 3470 — 
3580 -— 3580 ~- 
3710 —- 3710 — 
Ether extract of acidified 3285 0.21 3285 0.23 
aqueous solution 3385 0.39 3385 0.45 
3500 0.64 3500 0.78 
3610 0.93 3615 0.98 
3755 1.00 3755 1.00 
3910 0.61 3910 0.62 

















* Issued as A.E.C.L. No. 5. 
** Height relative to the maximum height at 3755 A. 
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Fic. 1. Changes in the absorption spectrum of the supernatant from a bacterial culture, 
showing the appearance of a maximum at 3550 A which is attributable to nitrite. 


nitrite on the basis of the usual chemical tests and the agreement of its absorp- 
tion spectrum in all its details with that of a known solution of sodium nitrite. 
The nitrite formed during growth of the bacteria presumably arose by reduc- 
tion of the nitrate supplied in the medium. When the nitrate was omitted 
from the original medium the bacteria still grew but the maximum at 3550 A 
failed to appear. 

The molecular extinction of nitrite at 3550 A is unfortunately so low that 
the ultraviolet absorption method cannot compare in sensitivity with available 
colorimetric methods for the estimation of nitratase activity. However, 
observation of the very sharp absorption bands shown by the ether extract 
of an acidified nitrite solution may have its use in bacteriology as a qualitative 
test with a high degree of specificity. 
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